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ABSTRACT 

This  r epor t  is concerned with the phys ica l   p roper t ies  
and app l i ca t ions  of s m a l l   p a r t i c l e s   - p a r t i c l e s  whose masse8 
range from 100 micrograms t o  1 micro-microgram. It has been 
found i n  this work t h a t   d u s t   p a r t i c l e s  have some unusual 
phys ica l   p roper t ies  and that  shaped dust c o l l e c t i o n s  or dust 
s t r u c t u r e s  may be appl icable  t o  Some t a sks  i n  space  technology. 
A d u s t   s t r u c t u r e  will be defined t o  be a s p a t i a l   d i s t r i b u t i o n  
of d i 8 c r e t e   p a r t i c l e s  whose r e l a t i v e  geometry i s  maintained by 
the p a r t i c l e   t r a j e c t o r i e s  o r  by i n d i v i d u a l   p a r t i c l e  motion, 
and not by conventional  cohesive  forces which  hold  solids or 
l iqu ids   toge ther .  Therefore, dust   configurat ions can be con- 
sidered a new type of phys ica l   s t ruc tura l   mater ia l ,   having  
proper t ies   o f ten   un l ike  those of solids, l i qu ids ,  or gases. 
Various means can be used to   ma in ta in  the gross r e l a t i v e  
geometry of the s p a t i a l   d i s t r i b u t i o n  which constitutes the 
dus t  structure. Dust st ruatures  have unique properties ac ross  
the e n t i r e  thermal and electromagnetic  energy spectrum, from 
op t i ca l   f r equenc ie s  through microwave  and radio  f requencies .  
Their i n e r t i a l  and  mechanical  properties as well a s  their gross 
material   behavior are also quite  unusual.  
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SECTION 1 
INTRODUCTION 

This   repor t  i s  concerned with the phys ica l   p rope r t i e s  and 
app l i ca t ions  of small  parlt;icles - p a r t f c l e s  whose masses  range 
f r o  100 micrograms t o  1 micro-microgram, with emphasis on the 
10-E gram t o  10-9 gram mass range. We refer t o  such   par t ic les  
a s   d u s t ,  and t o   c o l l e c t i o n s  o f   such   pa r t i c l e s   a s   dus t   s t ruc -  
t u re s .  It has  been  found i n  t h i s  work tha t   dus t   pa r t i c l e s   have  
some unusual   physical   propert ies ,  and t h a t  shaped  dust   collec- 
t i o n s   o r   d u s t   s t r u c t u r e s  may be appl icable  t o  some t a s k s   i n  

' space  technology. 

A d u s t   s t r u c t u r e  w i l l  be def ined t o  be a s p a t i a l   d i s t r i b u -  
t i o n  of discrete p a r t i c l e s  whose r e l a t i v e  geometry i s  maintained 
by the p a r t i c l e   t r a j e c t o r i e s   o r  by ind iv idua l   par t ic le   mot ion ,  
and not  by conventional  cohesive  forces which ho ld   so l id s   o r  
l i qu ids   t oge the r .  Therefore, dust   configurat ions  can be con- 
sidered a new type of phys ica l   s t ruc tura l   mater ia l ,   having  
proper t ies   o f ten   un l ike  those of so l ids ,   l iqu ids ,   o r   gases .  
Various means can be used t o   m a i n t a i n  the g r o s s   r e l a t i v e  
geometry of the  s p a t i a l   d i s t r i b u t i o n  which c o n s t i t u t e s  the 
dus t   s t ruc tu re .  

Dust s t ructures   have  unique  physical   propert ies   across  the 
ent i re   e lectromagnet ic   energy spectrum from op t i ca l   f r equenc ie s  
through microwave  and r a d i o   f r e q u e n c i e s .   T h e i r   i n e r t i a l  and 
mechanical  properties when viewed a s  a c o l l e c t i v e   e n t i t y ,   a s  
well a s  t he i r  gross   mater ia l   behavior ,   are   a lso  qui te   unusual .  

A number of  poss ib l e   app l i ca t ions  of dus t   s t ruc tu res   can  
be suggested. At this time many of these p o s s i b i l i t i e s   a r e  
somewhat speculat ive.  They will be d e s c r i b e d   b r i e f l y   i n  t h i s  
repor t .   Severa l  of the app l i ca t ions  however,  have  been  sub- 
jected t o   s u f f i c i e n t   a n a l y s i s   t o  permit t he i r  p r o p e r t i e s   t o  be 
quant i ta t ive ly   assessed .  Among the   app l i ca t ion   a r eas  f o r  dus t  
s t r u c t u r e s   a r e  the fo l lowing:   hea t   re jec t ion   rad ia tors ,  
protect ion  systems  against   meteoroids ,   large-area  opt ical  
s c a t t e r e r s ,   f u r l a b l e .  microwave antennas,   large-area  radio 
te lescopes,  moon shelters, and large-area  solar   energy con- 
ve r t e r s .  
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The unusual   propert ies  of d u s t  were f i r s t  r e a l i z e d  from 
work on  protection  of  space  vehicles  against   meteoroids.  It 
was found tha t   dus t   can  be seve ra l  hundred times more e f f e c t i v e  
on a u n i t  mass bas i s   t han  armor p l a t e   i n   p r o v i d i n g   p r o t e c t i o n  
against   hypervelocity  impact.  A system  called the "Dustwall" 
was invented   for   main ta in ing  a continuous flow of dus t   ou ts ide  
the space  vehicle.   This i s  shown schematically i n  Figure 1. 
This   dus twal l  i s  contained-by mechanica.1 c i r c u l a t i o n .  Another 
type of dustwal l  would provide   e lec t ros ta t ic   conta inment   for  
the dus t .  A dustwal l   can  destroy.an  impinging  hyperveloci ty  
pe l le t  - f o r  example, a meteoroid - by e i ther  vaporizing it, 
o r  by eroding i t  away. This   erosion mechanism, which  produces 
numerous micro-craters i n  the pe l le t ,  i s  e f f e c t i v e   e v e n   a t  low 
hyperve loc i t ies ,  e.g. 3 t o  6 miles per second. It i s  these 
unusual   propert ies  of dus t   i n   hype rve loc i ty   impac t   i n t e rac t ions  
that   suggest  a more genera l   cons idera t ion  of the physical  
p rope r t i e s  of   small -par t ic le   mater ia ls .  

Throughout the electromagnetic  spectrum the one outstanding 
physical   property of d u s t  i s  i t s  l a r g e   i n t e r a c t i o n   a r e a  per u n i t  
mass. The in t e rac t ion   a r ea  of a d u s t   p a r t i c l e  i s  a t   l e a s t   e q u a l  
t o  i t s  geometrical   area.  The geometrical   area per u n i t  mass i s  
g i v e n   i n  Figure 2. For 10-9 gram p a r t i c l e s  of dens i ty  2. t h i s  
g ives  a t o t a l   s u r f a c e   a r e a  of' 2,520 cm2 gm, while f o r  lo-?$ gram 
p a r t i c l e s  the sur face   a rea  i s  25,200 cm 4 /gm. Th i s  should  be 
compared with the sur face   a rea  of convent iona l   s t ruc tura l  
mater ia l s ,  e g. a plane sheet of 50 m i l  th ick   mater ia l   has   an  
a rea  of 6 cm*/gm. Thus there i s  an  area-to-weight  advantage of 
500 t o  1 t o  5000 o r  more t o  1 for dust  over  conventional 
s t ruc tu res .  

This  area  advantage i s  o b t a i n e d   i n  the fol lowing  port ions 

a )  o p t i c a l  
of the electromagnetic  spectrum: 

microwave  and rad io   f requency   re f lec t ion   and   sca t te r ing  
o r  a b s o r p t i o n   a t  any of the frequencies  

The organizat ion of t h i s  r e p o r t  will be as   fo l lows .  The 
potent ia l '   advantages and po ten t i a l   app l i ca t ions  of dus t   s t ruc-  
tures w i l l  be described i n   S e c t i o n  1.1. Th i s   s ec t ion  will 
descr ibe  the  somewhat specu la t ive   app l i ca t ions  which  have  not 
"been  analyzed  quant i ta t ively;  i t  w i l l  a l so   r ev iew  b r i e f ly  the 
more d e f i n i t i v e   a p p l i c a t i o n s  whose q u a n t i t a t i v e   a n a l y s i s  i s  
given i n   g r e a t e r   d e t a i l   i n  the subsequent  sections. 
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FIGU€U3 1. Scheniatic Representation of a 
Circulating  Dustwall  Configuration 
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A br ief   review  of   possible  methods f o r  producing  dust 
s t r u c t u r e s  i s  g iven   i n   Sec t ion  1.2. These  methods include 
(1) mechanical   c i rculat ion of dus t  between emi t t e r s  and 
co l l ec to r s ;  (2) e l ec t ros t a t i ca l ly   con ta ined  o r  cont ro l led  
dus t   s t ruc tu res ;  (3) control led  seeding of d u s t   i n   f o r c e - f r e e  
locations.   These methods a r e   a l s o  somewhat specula t ive  
inasmuch a s  no  well-developed  technology i s  a v a i l a b l e  t h a t  
has  demonstrated the  p r a c t i c a l i t y  of such  pract ices .  The 
f e a s i b i l i t y  of these  methods (as   d i s t inguished   f rom  the i r  
p r a c t i c a l i t y )   h a s  however been e s t ab l i shed  by some experiments 
which will be b r i e f l y  reviewed. For example,  mechanical  dust- 
walls  have  been  fabricated and  operated t o  maintain a con- 
t inuous   c i rcu la t ion  of d u s t   i n  vacuum f o r  many hours. 

The fol lowing  three  sect ions  review  those  dust   appl ica-  
t i o n s  f o r  which some detailed  analysis  has  been  performed. 
Sect ion 2 presents  the physics of o p t i c a l   a p p l i c a t i o n s  of dus t  
s t ruc tures .   Sec t ion  3 descr ibes  a thermal   appl icat ion of a 
d u s t   s t r u c t u r e   i n  the form of a hea t   r e j ec t ion   r ad ia to r .  
Sect ion 4 discusses  the p o t e n t i a l   a p p l i c a b i l i t y  of  d u s t  s t ruc -  
tures  a s  microwave r e f l e c t o r s  and r ad ia to r s .  

1.1 POTENTIAL ADVANTAGES AND APPLICATIONS OF DUST  STRUCTURES 

The foremost  advantage of d u s t   s t r u c t u r e s  i s  t h a t  of 
large area per u n i t  mass. T h i s  advantage will be appl icable  t o  
a n y   t e c h n i c a l   s i t u a t i o n   i n  which  surface  area i s  a f i g u r e  of 
merit. This  includes the fol lowing:   thermal   radiat ion and 
absorpt ion;   opt ical   and  e lectromagnet ic   scat ter ing,   radiat ion,  
and absorpt ion;   mechanical   in teract ion  cross   sect ion.  T h i s  
advantage of l a rge   a r ea  per u n i t  mass extends  across the 
e n t i r e  spectrum of e lectromagnet ic   appl icat ions,  from the 
u l t r a v i o l e t  t o  the  audio  frequency  range. The i n t e r a c t i o n  
a rea   pe r   un i t  mass can  exceed tha t   fo r   conven t iona l   s t ruc tu res  
by three o r  four  orders  of  magnitude. 

The second  advantage of d u s t   s t r u c t u r e s  i s  t h a t  of 
i n e r t i a l   p r o p e r t i e s .  When one speaks of t h e   i n e r t i a l   p r o p e r t i e s  
of a d u s t   s t r u c t u r e  he i s  referring t o  the capab i l i t y  of changing 
o r  a l te r ing  t h e  d u s t   s t r u c t u r e .  Such i n e r t i a l   e f f e c t s   a r e  much 
smaller   than f o r  convent ional   s t ructures ,  i . e .  one  can  change 
o r  a l t e r   t h e   d u s t   s t r u c t u r e  wi th  much l e s s   f o r c e  and energy 
appl ied  than f o r  conventional  structures,   both  because of t he  
much smaller  masses t o  be control led,  and because of one's 
a b i l i t y   t o  do th i s  simply by " turn ing   of f"  the s t r u c t u r e  by 
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terminat ing the p a r t i c l e   t r a j e c t o r i e s  and subsequently 
r e -e s t ab l i sh ing  i t  i n  i t s  new  mode. 

A t h i r d  important  advantage of d u s t   s t r u c t u r e s  i s  t h a t  
they o f f e r   s t ruc tu ra l   i n t eg r i ty   unde r   s eve re   cond i t ions  of 
stress, e s p e c i a l l y   a t  high temperatures.  Ordinary ,stress 
considerations  do  not  apply t o  d u s t   s t r u c t u r e s   s i n c e  the 
s t ruc tu ra l   con f igu ra t ion  is maintained by the  t r a j e c t o r i e s  
of ind iv idua l   par t ic les .   Therefore ,  the p a r t i c l e  may be a 
b r i t t l e  so l id ,   o rd ina r i ly   u se l e s s  f o r  s t ruc tu res ,  o r  i t  may 
be a l i q u i d .   I n  a d u s t   r a d i a t o r  f o r  example,  one can con- 
sider high temperature   mater ia ls  l i k e  boron, which have high 
spec i f ic  heat ,   operated  a t   temperatures  where sodium o r  NaK 
would vaporize . 

The phys ica l   p rope r t i e s  o f  dust   descr ibed above  have 
suggested a number of po ten t i a l   dus t   s t ruc tu re   app l i ca t ions .  
A l i s t  of these appears below. A t  the  present  time, some of 
these app l i ca t ions   a r e  somewhat speculat ive.  We have ca r r i ed  
o u t  a preliminary  survey of these p o t e n t i a l   a p p l i c a t i o n s   i n  
which some of the most  obvious  questions  and  advantages  have 
been  investigated.  While one cannot be c e r t a i n  of t h e  prac- 
t i c a b i l i t y  o r  even of the f e a s i b i l i t y  of these d u s t   s t r u c t u r e s  
before  a detai led  design  has   been made,  a number of them may 
offer   substant ia l   advantages  over   convent ional   s t ructures  f o r  
the same purposes.  Furthermore, a number of these app l i ca t ions  
of fe r   t echnologica l   poss ib i l i t i es   tha t   cannot   o therwise  be 
obtained. These app l i ca t ions   a r e :  

1. 

2. 

Hea t   r e j ec t ion   r ad ia to r s  comprised of a dus t   c i r cu ia t ion  
system. One can show t h a t  a r e c i r c u l a t i n g   d u s t   r a d i a t o r  
s t ruc ture   can  be 10 t o  1000 times a s   e f f e c t i v e  a s  conven- 
t i o n a l   s p a c e   r a d i a t o r s   i n  terms of  h e a t   r e j e c t i o n  per u n i t  
mass. 

Use of' a dustwal l  f o r  protection  against   meteoroid  impact.  
It has  been shown tha t   ind iv idua l ly   separa ted   dus t   par -  
t i c l e s  a r e   f a r   s u p e r i o r  t o  s o l i d  m a t e r i a l   i n   s t o p p i n g  
hyperveloci ty  pe l l e t s .  A very low dus t   dens i ty ,  e.g., 10 
t o  20 grams p e r  square meter o f  sur face   a rea  t o  be pro- 
tec ted ,  i s  s u f f i c i e n t  t o  stop  meteoroids of  masses less 
than  2 milligrams. Such a dustwall   can be o p t i c a l l y  
t ransparent .  One can   es t imate   tha t   an   en t i re  system t o  
p ro tec t  a large  space  vehicle   against   meteoroids  would 
weigh only 1% o r  2% a s  much a s  armor p l a t ing  f o r  equiva- 
l en t   p ro t ec t ion .  
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3. "Furlable" microwave sca t te r ing   an tennas   o r   t ransmi t -  
receive  antennas  for  microwave  communications. The 
advantages  are:   large  area per u n i t  mass, ready   fur la -  
b i l i t y ,  and  independence of convent iona l   s t ruc tura l  
problems. 

4. Large-area  radio- te lescopes,   large  dust   s t ructures  with 
dimensions  ranging  from  hundreds of meters t o  many miles. 
The ve ry   l a rge   a r eas   a t t a inab le  with reasonable mass and 
wi thou t   s t ruc tu ra l  problems may permit the cons t ruc t ion  
of la rge   rad io- te lescopes  of  unpa ra l l e l ed   s ens i t i v i ty .  

5. Large-area   op t ica l   sca t te r ing   sur faces   as   i l lumina tors  
or   as   reference  beacons.  The advantage i s  la rge   a rea   per  
u n i t  mass  and  freedom  from  conventional  structural  prob- 
lems. A convenient   o rb i ta l   loca t ion  f o r  such a large-area 
o p t i c a l   i l l u m i n a t o r  would be a t  the l i b r a t i o n   p o i n t s  of 
the earth-moon  system -pos i t i ons  of dynamical s t a b i l i t y  
f o r  the dus t   conf igura t ion ,  

6. "Dust moon houses", i.e., dynamic s t r u c t u r e s  of c i r c u l a t i n g  
dus t   for   meteoro id   p ro tec t ion  on the moon sur face ,   as  well 
a s  f o r   o p t i c a l  shadowing  and r e t e n t i o n  of r ad ia t ion .  Th i s  
app l i ca t ion  makes use of the hyperveloci ty   impact   shielding 
c h a r a c t e r i s t i c s  of dus t .  (A sur face  mass dens i ty  of  10 t o  
20 grams per square meter provides   p ro tec t ion   aga ins t  
meteoroids up t o  2 mi l l i g rams   i n  mass.) 

7. Dust solar  energy  converters,  composed of a c i r c u l a t i o n  
of semiconductor  dust   particles,   each with a P-N junction, 
which conver t s   so la r   energy   in to   e lec t r ica l   energy .  For 
example, if ga l l ium  a r sen ide   pa r t i c l e s  wi th  appropr ia te  
doping  pat terns   are   used,  the ind iv idua l  par t ic les  will 
convert   solar   energy  intp microwave energy by means of the 
Gunn e f f e c t .  The microwave  energy  would then be focussed 
t o  a cen t r a l   co l l ec t ion   po in t .  Such a s t r u c t u r e  would be 
much more e f f i c i e n t   i n  terms of energy  converted per u n i t  
mass than a conventional  solar  energy  converter.  

8. Use of d u s t   s t r u c t u r e s  f o r  providing  even  i l luminat ion by 
o p t i c a l   s c a t t e r i n g ,  e.g., ou ts ide  a space  vehicle o r  on 
the dark   sur face  of the moon. 

9. Opt ica l   shu t t e r s  for space  vehicle windows, composed of 
e lec t ros ta t ica l ly   charged   dus t .  The app l i ca t ion  of an 
e l e c t r i c   p o t e n t i a l  will r a p i d l y  change the o p t i c a l   t r a n s -  
mi t t i v i ty   f rom  t r anspa ren t   t o  opaque o r  v ice   versa ,  by 
covering the window wi th  dus t .  
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11 . 

12 . 

will 

Use of a n   e l e c t r o s t a t i c a l l y - c o n t a i n e d   d i s t r i b u t i o n  of 
charged  dust   par t ic les   ( this   has   been  termed a "dustgas") 
a s   a n   e l e c t r o s t a t i c  shock  absorber. It would be used t o  
dece le ra t e  a space   vehic le   in   l anding ,  i.e., t o  cushion 
a hard  landing. 

E l e c t r o s t a t i c a l l y - c o n t a i n e d   p u s t   t o  be used a s  a r i g i d  
s t ructural   e lement .  The p r e p e n c e , o f   e l e c t r o s t a t i c   f o r c e s  
a r i s i n g  from  externally  applPed stresses will maintain 
the r i g i d i t y  of such a struc;tural  element. It may have 
a very  favorable  strength-to-mass  ratio.  

Control of weather i n  selectled  regions  of the e a r t h  by 
p l a c i n g   d u s t   i n  the upper  mesosphere and t h e  thermosphere, 
a l t i t u d e s  of 80 km t o  200 km. Smal l   dus t   par t ic les  will 
remain  suspended f o r  long periods; the noct i lucent   c louds 
a re   j u s t   such  a  phenomenon. If s u f f i c i e n t   d u s t  i s  present  
t o   s u b s t a n t i a l l y   a l t e r  the s o l a r   r a d i a t i o n   e n t e r i n g  the 
atmosphere  over a d i s t ance  of many square miles, appreciable  
weather   effects  may be produced.  Preliminary  estimates 
i n d i c a t e   t h a t   s u b s t a n t i a l   d u s t   c a n  be emplaced a t  a r e l a -  
t i v e l y  low cost .  An important  problem however, will be 
the p r e d i c t a b i l i t y  of the weather  effects  produced. 

A brief d e s c r i p t i o n   o f . s e v e r a 1   d u s t   s t r u c t u r e s   a p p l i c a t i o n s  
be g i v e n   i n  the remainder of t h i s  sec t ion .  A more d e t a i l e d  

ana lys i s  w i l l  be given i n   S e c t i o n s  2, 3, and 4 of t h i s  r epor t .  

A schematic  diagram of' a d u s t  r a d i a t o r  i s  shown i n  Figure 
3. This  i s  a s t r u c t u r e   i n  which dus t  i s  maintained i n   c i r c u l a -  
t i o n  between emitters and co l l ec to r s ;  i t s  purpose i s  the 
r e j e c t i o n  of heat  by thermal   radiat ion.  A t  the  emitter t h e  
dust   absorbs  heat   f rom the low-temperature end  of a heat  engine.  
As the d u s t   p a s s e s   i n   $ r a n s i t  between emitter and co l l ec to r ,  i t  
r a d i a t e s  i t s  hea t   in to   space .  The large  surface- to-mass  ra t io  
of smal l -par t ic le   dus t   g ives  i t  a spec ia l   advantage   in   rad ia t ion .  
One can show t h a t  a r ec i r cu la t ing   dus t   r ad ia to r   s t ruc tu re   can  be 
10 t o  1000 times as   e f fec t ive   as   convent iona l   space   rad ia tors  
i n  terms of h e a t   r e j e c t i o n  per u n i t  mass. 

A " fur lab le"  microwave sca t t e r ing   o r   t r ansmi t - r ece ive  
antenna w i l l  cons i s t  of a p a t t e r n  of dus t  beams, each  produced 
by an  emit ter-col lector   pair   extended  f rom a space  vehicle,  
e i ther  by means of a  tow rope  or  from  an  independently powered 
s a t e l l i t e   v e h i c l e .  The advantages of such an  antenna  are: 
l a rge   a r ea  per u n i t  mass, a v a r i e t y  of shapes, and independence 
of convent iona l   s t ruc tura l  problems. 
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The use of dus t  f o r  electromagnetic  antennas may o f f e r  
great  advantages  over  conventional  structures  (e.g. ,   metal  
sheet, rod,  ribbon, o r  d i e l ec t r i c s )   a l t hough  there may a l s o  
be some c o n s i d e r a b l e   d i f f i c u l t i e s   i n  making d u s t  antennas 
p r a c t i c a l .  Because of the low mass requirements,  extremely 
large  antennas and arrays  can be formed f o r  small  weight 
pena l t i e s .  A mass of 200 pounds per square mile i s  an example 
of what may be attainalj le.   Furthermore,   dust   antennas  do  not 
s u f f e r  from the usual   s t ructural   problems of conventional 
antennas - f o r  example, d i s t o r t i o n  and breakage  due t o  thermal 
radiation  imbalance,  due t o  c o n s t r u c t i o n   d i f f i c u l t i e s ,  and  due 
t o  meteoroid  hazards. 

La rge -a rea   op t i ca l   s ca t t e r e r s   cons t i t u t e   ano the r  sig- 
n i f i c a n t   a p p l i c a t i o n  of d u s t   s t r u c t u r e s .  Such a "dust moon" 
would cons i s t  of a large-area  dust   surface t o  comprise  an 
opt ica l   mir ror .   Es t imates   ind ica te   tha t  a mass of 400 pounds 
per square mile may g ive   subs tan t ia l ly   comple te   op t ica l  
r e f l e c t i o n .  Thus an  opt ical   beacon o r  la rge-area   re f lec tor  
i n  synchronous o rb i t   cou ld   i n t e rcep t  10-3 r ad ian  of a r c  (.06 
degree) f o r  a t o t a l  mass of 50 tons  of dust .  Such a n   a r t i -  
f i c i a l  moon, i f  made from  any  conventional-metallized f i l m  
mater ia l ,  would be much more massive; i t  would a l s o  have 
conventional  structural   problems. 

The advantages i n   a r e a  per u n i t  mass of large-area 
opt ica l   sur faces   can  be ca lcu la ted .  An advantage  factor  of 
a t   l e a s t  100 t o  1 i n   a r e a   p e r   u n i t  mass ove r   a l t e rna t ive  
methods  can be demonstrated. The use  of  such  dust   materials 
a t   s t a b l e   o r b i t a l   l o c a t i o n s ,  i . e .  the l i b r a t i o n   p o i n t s  of the  
earth-moon o r b i t  looks p a r t i c u l a r l y   a t t r a c t i v e .  

Another  advantageous  optical  application i s  t h a t  of an 
opt ica l   d i f fus ing   dus t   a tmosphere  t o  provide  i l luminat ion on 
the away-from-the-sun s ide  of a large  space  vehicle .  The d u s t  
atmosphere  can be s e t  up by c i r c u l a t i n g  d u s t ,  for example by 
use  of  emitter-collector  systems. 

Another po ten t ia l ly   impor tan t   appl ica t ion  of the  dustwal l  
for shielding  against   meteoroids  i s  a s t r u c t u r e  which may be 
ca l l ed  the dus t  moonhouse. Such a s t ruc tu re   appea r s   p rac t i ca l .  
The only  competing method f o r   l a r g e   s t r u c t u r e s  on the  moon 
which would be sa fe  from the great  meteoroid  hazard  there i s  
the use of caves  within the moon's c rus t .  
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A schematic  diagram of a t o r o i d a l   d u s t  moon house i s  
shown i n  Figure 4. T h i s   s t r u c t u r e  would produce a dus t  sur- 
f ace  mass dens i ty  of 10 t o  15 grams per square meter, f o r  
protect ion  against   meteoroids ,  or of 100 t o  300 grams per 
square meter f o r   o p a c i t y   t o   o p t i c a l   r a d i a t i o n ,  The d u s t  would 
be c o l l e c t e d   i n  a c i rcumferent ia l   t rough and r e c i r c u l a t e d   t o  
the emitting center .  

1.2 TECHNOLOGIES  FOR  PRODUCING  DUST  STRUCTURES 

It i s  impor tan t   to   po in t   ou t  how dus t   s t ruc tures   can  be 
physically  produced.  Three  general methods f o r  producing  dust  
s t ruc tu res   can  be l i s ted :  

1. Mechanical c i r c u l a t i o n  of d u s t  between emi t t e r s  and 
c o l l e c t o r s  which are   placed on space  vehicles,  on 
s a t e l l i t e   v e h i c l e s ,  o r  on  extended booms or towlines. 
A combined emi t t e r - co l l ec to r  module  would be used. 
Two such  modules  can  give  continuous  circulation. The 
emitter uses  a mechanical impeller from which p a r t i c l e s  
a re   emi t ted  with a s p e c i f i e d   i n i t i a l   v e l o c i t y .  The 
emitted p a r t i c l e s   a r e   d i r e c t e d   i n t o  a collimation  system 
from  which they d e p a r t   t r a v e l l i n g   i n   p a r a l l e l ,   r e c t i l i n e a r  
paths.  This  dust-beam i s  r e c e i v e d   a t  a co l l ec to r ,  con- 
duc ted   to  a nearby emitter, and re turned  by the foregoing 
p rocess   t o  a col lector   near   the  point   of   or igin,  Th i s  
system forms a mechanical  dustwall. 

Mechanical  dustwalls  have  been b u i l t  and  operated 
f o r  periods  of  hours.  In  hypervelocity  impact tests, the 
e f f ec t iveness  of dustwal ls  for shielding  against   meteoroids  
has  been  demonstrated. In   addi t ion ,   cons iderable  experi- 
mental work has  been  done  on the mechanics of dust   emission 
and coll imation, on the measurement of d u s t   d e n s i t i e s ,  and 
on d u s t   r e c i r c u l a t i o n .  A schematic  diagram of a mechanical 
dustwal l  i s  shown i n  Figure 5. 

2. E lec t ros ta t ica l ly   conta ined  o r  c o n t r o l l e d   d u s t ,   i n  which 
e l e c t r i c a l l y  charged  dust i s  de f l ec t ed  o r  contained  within 
charged gr ids .  This  category  includes a d ive r se  number of 
p o s s i b i l i t i e s :  
a )  The "dustgas"  configuration f o r  containment of charged 

p a r t i c l e s   w i t h i n  a s p e c i a l  system of charged g r ids  

11 



" 

I",\ 
C" - 
';\ 

"" 

return  feed emitter  return Peed 
b I 

collector  collector 

FIGURE 4. Toroidal Dust Structure for Moon Shelter 

12 



emit 

return conduit with feed s.crews 

collimation system 

"""A 

"""_ """_ 
drive motor 

FIGURE 5.  Mechanical Dustwall System 

,-receiver 



b)  Mechanical c i r c u l a t i o n  of charged  dust   par t ic les  t o  
ob ta in  improved col l imat ion 

c)  Control of  t r a j e c t o r i e s  of charged  dust   par t ic les  by 
app l i ca t ion  of e l e c t r o s t a t i c   f o r c e s  between emi t t e r s  
and co l l ec to r s   ove r   l a rge   d i s t ances  

d )  Establishment of" "electrostat ic   a tmospheres"  of charged 
dus t   par t ic les   o rb i t ing   an   oppos i te ly   charged   cen t ra l  
vehic le  . 

I n  the area of e lec t ros ta t ic   t echniques ,   dus tgas   conta in-  
ment systems  have  been  designed,  dust   electrif ication 
methods  have  been  investigated, and dust  charging  appara- 
t u s   h a s  been inves t iga t ed  and designed.  Apparatus for 
dus t   e lec t r i f ica t ion   exper iments   has   been   cons t ruc ted .  
Electrostat ic   dust   charging  guns have  been b u i l t  and 
operated wi th  g r e a t   e f f i c i e n c y .  

3. The "seeding" of d u s t   i n   s p e c i f i e d   p o s i t i o n s .  Once placed 
properly with due  regard t o  a l l   p e r t u r b i n g   f o r c e s ,   s u c h  
configurat ions w i l l  remain i n  place,   provided  that  the  
d u s t  i s  seeded with the p r o p e r   r e l a t i v e   v e l o c i t i e s  and 
i n i t i a l   c o n d i t i o n s .  A new technology i s  r equ i r ed   fo r  
accurate  placement of the dust .  The accuracy  required  in  
dus t   ve loc i ty   spec i f i ca t ion  would r equ i r e  a technology 
which i s  c l o s e l y   r e l a t e d  t o  the rendezvous  and  docking 
technology which i s  currently  being  developed. Three var i -  
a t i o n s  of t h i s  dust  seeding  technique  are:  

(1) The seeding  of  .dust i n   f o r c e - f r e e   l o c a t i o n s ,  e.g. 
a t  the earth-moon l i b r a t i o n   p o i n t s .  

(2) Accurately  controlled  emission of dus t  from a 
moving space  vehicle t o  achieve a desired dus t  
shape by v i r t u e  of the motion of t h e  emitter. 

i n i t i a l ly   fo rmless   con f igu ra t ion .  The shaping 
can be achieved by using a small  robot s h i p  
with a ' bus t  scoop''  which removes dus t  from 
regions where i t  i s  unwanted. F igura t ive ly  one 
can  say i t  "machines" the dus t  volume. For 
example, a dust  parabola  could be formed i n  this 
manner. 

(3) Seeding of dust  followed by shaping of an 
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For the  large-area  coverage  desired in the  present 
applications,  dust  structure formation techniques  described 
above  must be re-examined and further developed. Of prime 
concern is the  degree of directivity  and  collimation which 
can be  obtained in any  system as well as the  cost in weight 
and power  requirements. The length of time of cohesion of 
a dust  structure is also an important criterion.  With  regard 
to  this  "stability  time"  criterion, it. should  be  noted  that 
dust  structures of two  types  are  feasible.  One,  based upon 
a continuously  circulating  system  such as the  mechanical 
emitter-collector  concept, can be  maintained  indefinitely as 
long as the  prime  mover  system is kept in operation with 
negligible  dust loss. The other  system,  based upon the 
"seeded  volume"  concept,  may  gradually  disperse. The life- 
time of such  systems  must  be  examined for each application. 

For applications  such as thermal  radiators,  which require 
comparatively  small-volume  dust  distributions, the present 
mechanical  dustwall  technology  seems t o  be  directly  applicable 
although  considerable  development  work will be  necessary. The 
main conceptual  problems of dust  distribution  technology  are 
concerned  with  the  large-area  applications  and  the  special 
problems  they  raise - namely  those of collimation and  lifetime. 
Data on the degree of collimation  obtainable and methods of 
obtaining a dust  beam  with  the  desired  degree  of  collimation 
should form one  phase of an experimental  dust  technology 
program . 

The collimation of the  dust  propagation can be  secured 
either  mechanically o r  electrically. A mechanical  collimation 
of 10-5 radian  is probably  obtainable.  Furthermore,  use of 
dust  particles with a  large  length-to-width ratio would 
facilitate  mechanical  collimation.  Electrical  collimation 
would  use  alternate  charged  beams of opposite  sign. 

Let us consider a typical  mechanical  system for dust 
beam formation and  collection. Our experience has shown that 
an efficient  system of dust  beam formation is one which uses 
a vaned rotor onto which dust is introduced in a controlled 
manner. The dust  exits  at  approximately 45' with respect to 
the  rotor  perimeter and has a velocity  whose  magnitude is 
dependent  upon the rotor velocity. Collimation  surfaces in 
the form of a "dust  lens"  redirect  the  particles into parallel 
ray beams. Typical experiments f o r  a 4 inch diameter rotor 



produce   par t ic le  beams moving wi th  speeds of  the order of 
meters  per  second. I n  space, f o r   p r a c t i c a l  beam d e n s i t i e s  
g iv ing  no pa r t i c l e   co l l i s ions ,   such  beams would t rave l   a long  
s t r a i g h t - l i n e   p a t h s   u n t i l   r e c e i v e d   a t  the c o l l e c t o r .  A mile- 
long beam would require   several   hours   passage time between 
emitter and co l l ec to r .  The slower t h e  p a r t i c l e   v e l o c i t y ,  the 
less t o t a l   d u s t  i s  r e q u i r e d   i n   c i r c u l a t i o n   f o r  a given  densi ty .  
However, f o r   f a s t  steerlng of an  antenna, one  would r equ i r e  
e i the r  f a s t e r   p a r t i c l e   v e l o c i t y  i f  the antenna were t o  be 
re-or iented,   or  more reasonably ,   re -or ien ta t ion  of t he  much 
smaller  antenna feed system  rather   than of the  a n t e n n a   i t s e l f .  
The ques t ion  of p a r t i c l e   v e l o c i t y  i s  one  which  must t he re fo re  
be solved  to   achieve a compromise  between e f f i c i e n t   d u s t  !con- 
tainment and the requirements of the appl icat ion  considered.  

. After passage  through the a c t i v e  volume, the dus t  beams 
f a l l  upon a c o l l e c t o r   s u r f a c e  whence they   a re   re turned  t o  the 
emitter. When the p a r t i c l e s   a r e   r e t u r n e d  from a second 
emitter loca ted   ad jacen t   t o  the co l l ec to r ,  the re turn   s t ream 
p a r t i c i p a t e s   i n  the a c t i v e  volume. A system somewhat l i k e  
t h i s  has  been  operated i n  the laboratory.  The device i s  
constructed  almost  wholly of p l a s t i c s   o r   o the r   l i gh t -we igh t  
mater ia l s .  Our 4 inch  diameter   rotor  was designed  for  a dus t  
f l o w   r a t e  of 50 t o  100 grams per second  using 20 micron A1203 
p a r t i c l e s .  The weight of such  an  emitter-collector  system  can 
be of the order  of 2 pounds,  corresponding t o  a system mass of  
10 grams per 1 gram per second  f low  rate.  Our experimental 
systems  have  been somewhat heavier   s ince these are  "breadboard'' 
d e v i c e s   i n  which  no at tempt   a t   opt imizat ion  has   been made. 
Both weight and power per u n i t  mass can be reduced by a f a c t o r  
of perhaps 100 o r  more with the development of a more soph i s t i -  
cated  technology. 

I n  the experimental  devices  described  above, no spec ia l  
e f f o r t s  were made t o  get wel l -directed beams and no measure- 
ments of collimation  uniformity  were  attempted. Good collima- 
t i o n  and  even d u s t   d i s t r i b u t i o n  however were evident.  
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SECTION 2 
OPTICAL APPLICATIONS OF DUST STRUCTURES 

2.1 PHYSICS OF DUST-ELJWTROMAGNETIC IIQTERACTION 

Op t i ca l   app l i ca t ions  of d u s t   s t r u c t u r e s   a r e   d e s c r i b e d   i n  
t h i s   s e c t i o n .  The following  topics  are  covered: (1) physics 
of a s i n g l e   d u s t   p a r t i c l e   i n t e r a c t i n g  with electromagnetic 
r ad ia t ion ,  (2) va r ious   dus t   s t ruc tu re   app l i ca t ions .  

Throughout the electromagnetic  spectrum the one out- 
s tanding  physical   property of dus t  i s  i t s  l a r g e   i n t e r a c t i o n  
a rea  per u n i t  mass. The in t e rac t ion   a r ea  of a d u s t   p a r t i c l e .  
i s  approximately  equal t o  i t s  geometrical  area.  The geometrical  
a rea  per u n i t  mass i s  given f o r  sphe r i ca l  p a r t i c l e s  by 

where m i s  the  mass of t h e   d u s t   p a r t i c l e ,  9 i s  i t s  dens i ty  
r i s  i t s  radius ,  and A i s  i t s  c ross   sec t iona l   a rea .  For 10-9 
gram p a r t i c l e s  of dens i ty  2.5, t h i s  g ives  a t o t a l   s u r f a c e   a r e a  
of 2520 cm2/gram while f o r  10-12 gram pa r t i c l e s   t he   su r f ace  
a rea  i s  25200 cms/gram. T h i s  should  be compared with the 
sur face   a rea  of convent iona l   s t ruc tura l   mater ia l s ,  
plane  sheet  of 50 m i l  t h i ck   ma te r i a l   has   an   a r ea  of eo8~~,a2/gm. 
Thus there i s  an  area-to-weight  advantage of 500 t o  1 t o  5000 
o r  more t o  1 for   dus t   over   convent iona l   s t ruc tures .  

This  area  advantage i s  obtained i n  the fol lowing  port ions 
of the electromagnetic  spectrum: 

o p t i c a l  
i n f r a r e d   s c a t t e r i n g  
microwave  and radio  f requency 

r e f l e c t i o n  and s c a t t e r i n g  
d )  r a d i a t i o n   o r   a b s o r p t i o n   a t  any of 

the frequencies  

When par t ic les   a re   wide ly   separa ted   as  compared t o  a wavelength, 
the e f f e c t i v e   c r o s s   s e c t i o n a l   a r e a  will vary  s t rongly wi th  the 
frequency of t he   r ad ia t ion .  T h i s  property (e.g., i n  Rayleigh 
sca t te r ing)   can  be used f o r  p r e f e r e n t i a l   s c a t t e r i n g  of c e r t a i n  
wavelengths ,   as   in   an   op t ica l  f i l t e r  appl ica t ion .  



P a r t i c l e s   c a n   s c a t t e r   o r   r e f l e c t   r a d i a t i o n   i n  e i ther  the 
forward  or t h e  backward direct ion,   depending on the i r  mater ia l  
composition  as well a s  on the i r  s i ze .   Me ta l l i c   pa r t i c l e s   t end  
t o   s c a t t e r   p r i m a r i l y  backward, i .e . ,  t o   r e f l e c t .   D i e l e c t r l c  
p a r t i c l e s   t e n d  t o  sca t t e r   fo rward   a s   we l l   a s  backward.  Such 
forward   sca t te r ing  i s  equivalent   to   t ransmission  through a 
medium with a d ie lec t r ic   cons tan t   de te rmined  by the d e n s i t y   a s  
w e l l   a s  the composition of the  dust .  The r a t i o  of forward-to- 
backward sca t t e r ing   can  be determined by appropr i a t e   s e l ec t ion  
of the s i z e  and composition of the p a r t i c l e s .  

It i s  apparent   tha t  the s e l e c t i o n  of d u s t   p a r t i c l e   s i z e ,  
mater ia l ,  and mean in t e r -pa r t i c l e   d i s t ance   can  be  used t o  
exercise wide-ranging  control  over the  i n t e r a c t i o n  of t he   dus t  
w i t h  e l ec t romagne t i c   r ad ia t ion   fo r  a v a r i e t y  of appl ica t ions :  
r e f l e c t i o n ,   s c a t t e r i n g ,   r a d i a t i o n  and absorption,  from the 
u l t r a v i o l e t   t o  the r a d i o  and audio  frequency  ranges. The major 
advantage of d u s t   i n  t h i s  i n t e r a c t i o n  i s  i t s  large  area  per  
u n i t  mass,  which  can  exceed t h a t  of convent ional   s t ructures  by 
three, fou r ,   o r   f i ve   o rde r s  of magnitude. 

S ingle  Dust P a r t i c l e   I n t e r a c t i n g  With Electromagnetic  Radiation 

The p e r t i n e n t   p h y s i c a l   p r o p e r t i e s   t o  be considered i n  
pa r t i c l e -e l ec t romagne t i c   r ad ia t ion   i n t e rac t ion   a r e  Csca, t h e  
s c a t t e r i n g   c r o s s   s e c t i o n ,   i l ( @ ) ,  t h e  i n t e n s i t y  of the  com- 
ponent of the s c a t t e r e d   l i g h t   p o l a r i z e d   i n   t h e   d i r e c t i o n   p e r -  
pendicular t o  the  plane of s c a t t e r i n g ,  and i2(8) ,  the i n t e n s i t y  
of the s c a t t e r e d  l i g h t  p o l a r i z e d   i n  the d i r e c t i o n   p a r a l l e l   t o  
t h e  plane of s c a t t e r i n g .  

Throughout t h i s  discussion,  i t  will be assumed t h a t   t h e  
r ad ius  a of the s p h e r i c a l   d u s t   p a r t i c l e  i s  1 micron.  There 
a r e  three regions of i n t e r e s t   i n  t h e  electromagnetic  spectrum: 

1) X<< a corresponding  to the o p t i c a l   r e g i o n  

2)  -? a corresponding  to  radio  frequencies and 
microwaves 

3)  A %  a corresponding t o  i n f r a r e d   r a d i a t i o n  

I n  the opt ical   region,  the s c a t t e r i n g   c r o s s   s e c t i o n  f o r  
b o t h   d i e l e c t r i c  and m e t a l l i c   p a r t i c l e s  i s  

= 2 X a  2 'sea 
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F o r   d i e l e c t r i c  spheres, the s c a t t e r e d   i n t e n s i t y  components 
i l ( e )  and i2(@) (where 0 is the s c a t t e r i n g   a n g l e )   a r e  
given by - 

(ka)2 c12 s i n T  c o s y  

s i n  0 (d@/T)  
.i1(6) = 

(ka)2 c22 s i n r  cos 
i2(8) = 

s i n  0 (d9/d'3') 

where k = 2  X/% = wave number 

a = d u s t   p a r t i c l e   r a d i u s  

v=  angle  of incidence 

The W e s n e l   r e f l e c t i o n   c o e f f i c i e n t s  r l  and 1-2 a r e  
defined a s  follows: 

where m = index of r e f r a c t i o n  
T' = angle of r e f r a c t i o n  
C1 = r1 for p = O  



FIGURE 6. Path of a Light Ray Through a Sphere  where 
it is Divided by Reflections and Refractions 
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As shown i n  Figure 6, the energy i s  divided by successive 
r e f l e c t i o n   o r   r e f r a c t i o n  among the s ingle   rays   denoted by 
p=O,1,2,3,... . Xt i s  seen   tha t  the s c a t t e r i n g   p a t t e r n  i s  
n o t   i s o t r o p i c   f o r   d i e l e c t r i c   p a r t i c l e s .  

For m e t a l l i c   p a r t i c l e s  the index  of   refract ion m 
approaches  inf ini ty  and i l ( Q )  = i2(8)  approaches 1/4 (ka)2 
which i s  independent of 8. 

Thus, a smooth, t o t a l l y   r e f l e c t i n g   s p h e r i c a l   p a r t i c l e  
with r a d i u s   l a r g e  compared t o  the wavelength, s c a t t e r s  l i g h t  
(by r e f l e c t i o n )   i s o t r o p i c a l l y .  

I n  the radio-frequency and  microwave reg ion  ( >> a ) ,  
the s c a t t e r i n g  i s  of the Rayleigh  type. For d i e l e c t r i c ’ p a r -  
t i c l e s   i n   a n   e l e c t r o m a g n e t i c  f i e ld ,  the r a d i a t i o n  i s  due t o  
e l e c t r i c   d i p o l e s .  One has  

8 4 6 (S2-1 'sea 3 = -  n k a  
c2+2 

where E i s  the d i e l e c t r i c   c o n s t a n t  ( E = m  ). The s c a t t e r i n g  
i n t e n s i t i e s   a r e  

2 

i 2 ( e )  = ( E2 2- 1 ) (ka)6  cos2 8 
€ +2 

The t o t a l   s c a t t e r e d   i n t e n s i t y  i s  the same i n  the forward and 
backward d i r ec t ions .  

A m e t a l l i c   p a r t i c l e  (m = o 0  ), on the o ther  hand, emits 
magnetic  dipole and quadrupole   rad ia t ion   bes ides   e lec t r ic  
d ipo le   r ad ia t ion .  T h i s  r e s u l t s   i n  a non- iso t ropic   sca t te r ing  
pa t t e rn .  
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'sca = Xa2 [y  (ka)4 + 5 (ka) 6 + ...] 
5 

and il(Q) = (ka) 6 (1-cos 0) + cos2 0 -4 
i2(0) = (ka) 6 (cos2 8 - cos 8 e 6) 1 

The above  equations  indicate  that  the  scattering is predomi- 
nantly backward. The forward  scattered  intensity is 1/9 
the  backward  scattered  intensity. 

3x103 microns. As the  wavelength  becomes  comparable t o  the 
particle  radius,  assumed t o  be 1 micron,  scattering  becomes 
predominantly  forward for a  dielectric  dust  particle. Table 
1 gives  the  relative  intensity  scattered in the  forward (0=0), 
backward ( 0 5  X), and 0 = tr/2 directions as a function of ka. 

Consider  infrared  radiation, ranging from 8x10-I t o  

TABm 1. . RELATIVE SCATTERING INTENSITY AS A FUNCTION OF ka 

e ka = 0.01 ka= 0.1 ka = 0.5 kar 1 

e ka = 2 ka = 5 ka = 8  



For  metals i n  the inf ra red   reg ion ,  the r e a l  and  imaginary 
p a r t s  of the index of r e f r ac t ion   a r e   ve ry   l a rge  and near ly  
equal: 

m =  n - in ' ,  n = n l  

where n and n '   a r e  the r e a l  and  imaginary terms respec- 
t i v e l y .  The p a r t i c l e   a c t s   p r a c t i c a l l y   a s  a r e f l e c t o r .  

2.2 OPTICAL APPLICATIONS OF DUST  STRUCTURES. 

La rge -a rea   op t i ca l   s ca t t e r e r s   cons t i t u t e  a s i g n i f i c a n t  
p o t e n t i a l   a p p l i c a t i o n  of dus t   s t ruc tu res .  The d u s t   s t r u c t u r e  
would c o n s t i t u t e  a d i f f u s e   s c a t t e r e r  l i k e  the  moon. Such a 
s t r u c t u r e  would be ca l l ed  an  o p t i c a l  beacon,  an a r t i f i c i a l  
moon, o r   a n   o p t i c a l   d i f f u s e r .  

The mass required  for   such a dust  structure  can  be  calcu- 
l a t ed   u s ing  the for'mula f o r   a r e a  per u n i t  mass g i v e n   a t  the 
beginning of t h i s  sect ion.   Dust   par t ic les  of mass 10-l2 gram 
are   suf f ic ien t ly   mass ive  t o  be unaffected by l i g h t  pressure, 
the Poynting-Robertson f f e c t ,  and other  small   forces.   Using 
a p a r t i c l e  mass of gram and a p a r t i c l e   d e n s i t y  of 0.1 
gram per cm3, one f i n d s   t h a t  ,600 pounds of d u s t   p a r t i c l e s  w i l l  
completely  cover a square mile, assuming the s c a t t e r i n g   c r o s s  
s e c t i o n  i s  equal  t o  the geometric  cross  section.  Since the 
s c a t t e r i n g   c r o s s   s e c t i o n  will be about 1.5 times the geometric 
cross   sect ion,  a more r e a l i s t i c  mass es t imate  i s  400 pounds 
per square mile. This mass per unit area  i s  a t   l e a s t  50 times 
l e s s   t h a n   t h a t   r e q u i r e d  by  any a l t e r n a t i v e  method. 

Consider  an  optical  beacon or l a r g e - a r e a   r e f l e c t o r   i n  
synchronous  orbit a t  a d i s t ance  of 22,000 miles from ea r th .  
If the s c a t t e r e r  i s  c i r c u l a r  with a r ad ius  of 9 miles, the 
d u s   d i s t r i b u t i o n  would comprise 50 tons. It would i n t e r c e p t  
10-3 r a d i a n  of a r c  (0.06 degree). Such a n   a r t i f . i c i a 1  moon, i f  
made from  conventional  metallized f i l m ,  would be.much more 
massive  than 50 tons.  For  example, a 5 m i l  t h i ck  f i l m  would 
weigh a t   l e a s t  450 tons per square mile, lead ing  t o  a t o t a l  
mass of over 100,000 tons. 



A p a r t i c u l a r l y   f a v o r a b l e   l o c a t i o n   f o r   t h e . d u s t   o p t i c a l  
beacon would be a t  a s t a b l e   o r b i t a l   l o c a t i o n ,  i .e.,  a t  the 
l i b r a t i o n   p o i n t s  of the earth-moon o r b i t ,  where g r a v i t a t i o n a l  
and  dynamic f o r c e s  would work toge ther   to   p reserve   the  
s t a b i l i t y  of the s t r u c t u r e .  

Another  advantageous  optical  application i s  t h a t  of an 
opt ica l   d i f fus ing   dus t   a tmosphere   to   p rovide   i l lumina t ion  'on 
the away-from-the-sun side of a large  space  vehicle .  The dus t  
atmosphere  can be set  up by c i r c u l a t i n g   d u s t ,   f o r  example by 
use of emit ter-col lector   systems.  

One can  a lso  consider  the a p p l i c a t i o n  of d u s t   s t r u c t u r e s  
for   conversion of s u n l i g h t   i n t o  microwave energy,  and  then  into 
DC e l e c t r i c a l  energy.  This  can be produced by  a semiconductor 
s o l a r   c e l l .  It i s  most e f f i c i e n t  t o  make such  semiconductor 
c e l l s   o u t  of d u s t   p a r t i c l e s ,   i n   o r d e r   t o   o b t a i n   l a r g e   a r e a   p e r  
u n i t  mass. The power produced by a semiconductor P-N junct ion 
so lar   conver te r  i s  p r o p o r t i o n a l   t o  i t s  area,  and ' the area of a 
given mass of material   can  be maximized i n  the  form of a dus t .  
Each   dus t   par t ic le  would have a P-N junction. One has the 
problem of c o l l e c t i n g  the power produced  by the d u s t   p a r t i c l e s .  
This  can be accomplished by convert ing  the DC power t o  micro- 
wave power and r a d i a t i n g  the microwave power t o  a c e n t r a l  
r e c t i f i e r  feed poin t  where i t  i s  converted  back t o  DC. Figure 
7 shows how a novel  semiconductor  effect   ( the Gunn e f f e c t )  
i s  b u i l t   i n t o  a ga l l ium  a rsen ide   dus t   par t ic le   to   do  this.  

Gallium  arsenide i s  a semiconductor  which  can func t ion  
bo th   a s  a P-N junc t ion   so la r   conver te r ,  and a s  a  Gunn e f f e c t  
generator  to produce  microwaves. It would be used i n  the form 
of smal l   dus t   par t ic les ,   each  of  which would have a junc t ion  
configurat ion l ike  t h a t  shown i n  the f igu re .  Methods have 
been  s tudied  for   fabr icat ing  such  semiconductor   dust   par t ic les  
by standard  methods of semiconductor  technology. The P-N 
junct ions  can be i n s e r t e d  by diffusion.   Appropriate   control  
of the d i f fus ion   process  w i l l  g ive  the  doping   prof i le  shown i n  
Figure 7. 

The photovol ta ic   effect   produces a p o t e n t i a l   a c r o s s  the 
lightly-doped N type region. I n  an N t ype   r eg ion   i n   ga l l i um 
arsenide,  when  a DC e l e c t r i c  f i e l d  of 3000 v o l t s  per cm o r  
more i s  applied,  spontaneous microwave o s c i l l a t i o n s   a r e  pro- 
duced whose frequency i s  governed by the thickness  of the 
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DC potential produocd 
(-by aoler energy  appears  here 
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P 

LEGEND 
1- P-N Junction regions 
2- low N type doping regions 

(high resistivity N type) .  
These are the Gunn oscillator 
regions. 

3- high N type doping region 

FIGURE 7. Solar Energy Converter: Cross-Section of a 
Doped Semiconductor ' Dust Particle 



l aye r .   I n   ga l l i um  a r sen ide  a photovoltage of 1 v o l t  will be 
produced. A s i z a b l e   p a r t  of t h i s  vol tage w i l l  be across   the  
lightly-doped N type  region whose thickness  w i l l  be about 
1 micron. 

A p o t e n t i a l  of 0.3 v o l t  will give  the 3000 vo l t s   pe r  cm 
requ i r ed   fo r  the Gunn e f f e c t .  The dus t   pa r t i c l e   t hen  becomes 
a microwave generator.  The la rge   sur face   a rea  of t he   dus t  
suspension w i l l  then  produce a l a r g e  microwave  power. One can 
spec i fy   condi t ions   tha t  will make'the d u s t  conf igura t ion   ac t  
a s  a microwave cavi ty ,  so  that  phase-locking of the power pro- 
duced by the ind iv idua l   dus t   par t ic les   can  be  achieved. The 
e n t i r e   d u s t   d i s t r i b u t i o n  between emitter and co l l ec to r  will 
then   cons t i t u t e  a s i n g l e  microwave generator  and antenna whose 
output  can be focussed on a c e n t r a l   r e c t i f i e r   f e e d   h o r n  which 
will reconvert  the microwave power i n t o   d i r e c t   c u r r e n t .  
Al te rna t ive ly ,  this large-area microwave generator  can be  used 
a s   an   an tenna   r ad ia to r   fo r  communications  purposes. 
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SECTION 3 
THERMAL APPLICATIONS OF DUST  STRUCTURES 

3.1 DUSTWALL RADIATOR 

I n  t h i s  sect ion,  a hea t   re jec t ion   rad ia tor   compr ised  of 
a d u s t   c i r c u l a t i o n  system will be described.  Such a system 
i s  shown schemat ica l ly   in   F igure  3. I n  this s t ruc tu re ,   dus t  
i s  maintained i n   c i r c u l a t i o n  between emitters and c o l l e c t o r s  
f o r  the purpose of h e a t   r e j e c t i o n  by thermal  radiation.  Heat 
i s  absorbed by the p a r t i c l e s   a t   t h e  emitter from the low tem- 
pera ture  end of a heat  engine.  As the d u s t   p a s s e s   i n   t r a n s i t  
between the emi t t e r  and co l l ec to r ,  i t  r a d i a t e s  i t s  h e a t   i n t o  
space. The large  surface-to-mass  rat . io of sma l l   pa r t i c l e s  
g ives   dus t  a special   advantage i n   r a d i a t i o n .  It w i l l  be shown 
t h a t  a r ec i r cu la t ing   dus t   r ad ia to r   s t ruc tu re   can  be 10 t o  1000 
times as   e f f ec t ive   a s   conven t iona l   space   r ad ia to r s   i n  terms of 
h e a t   r e j e c t i o n  per u n i t  mass. 

I n  the d u s t   r a d i a t o r s  we have  considered, the dus t   rece ives  
i t s  h e a t   i n  a liquid-metal-to-dust  heat  exchanger  before  enter- 
ing   the   emi t te r .  This  r equ i r e s  the emitter t o   o p e r a t e   a t  high 
temperatures. Dust from the c o l l e c t o r  i s  r e c i r c u l a t e d   t o   t h e  
heat  exchanger  by.a  second  emitter-collector module. By using 
dust   mater ia ls   having high spec i f i c   hea t ,  e.g., boron  or 
graphi te ,  the heat   capaci ty  of the d u s t   r a d i a t o r  may be maxi- 
mized.  Another a l t e r n a t i v e  i s  the following: The l iquid-metal  
coolant  can be b r o k e n   i n t o   d u s t - s i z e   d r o p l e t s   i n  a showerhead 
emitter. These l iqu id   d rops  w i l l  s o l i d i f y   i n   r a d i a t i n g ,   t h u s  
adding the i r  hea t  of fu s ion  t o  t he i r  s p e c i f i c   h e a t   i n   g i v i n g  a 
l a rge   ove ra l l   hea t   capac i ty .  The important  advantage of dus t  
i s  i t s  large  value of r ad ia t ing   a r ea  per u n i t  mass.  For a 
5 micron  boron  particle  (boron  has a high s p e c i f i c   h e a t  per 
u n i t  mass  and  can be used a t  high temperatures) one obta ins  
about 2500 cm2 per gram of d u s t   p a r t i c l e s .   I n   c o n t r a s t ,  a f i n  
and tube  type  radiator  will have  an  area-to-mass r a t i o  of a 
few cm2 per gram, g iv ing  a r a t i o  of advantage of d u s t   t o  con- 
v e n t i o n a l   r a d i a t o r s  of thousands  to one, a s  will be shown below. 



Heat  Transfer t o  Dust P a r t i c l e s :  The hea t   t ransfer red   per  
u n i t  time from  liquid-metal t o  d u s t   c i r c u l a t i n g   i n  a hea t  
exchanger  can be ca lcu la ted   as   fo l lows:  The t o t a l   r a d i a t o r  
mass i s  

M t  = Me + Md (1) 

where Mt = r a d i a t o r  mass (equipment + dus t )  
Md = maSS O f  d u s t  
Me = mass  of  equipment 

Md c o n s i s t s  of two pa r t s :  Me, the d u s t  mass c i r c u l a t i n g  
through the dustwall ,  and M r ,  the mass of d u s t   i n  the 
r e c i r c u l a t i o n - s y s t e m  and r e se rvo i r s .  

I n  terms of the dustwall  geometry, one has 

M , = n h w L m  

where n = number of p a r t i c l e s  per u n i t  volume 
h = weight of dustwal l  
w = width of dus twal l  
L = length  of  dustwall  
m = mass  of d u s t   p a r t i c l e  

The r a t e  of hea t   absorp t ion  by t h e  d u s t   i n   t h e   l i q u i d -  
metal-to-dust  exchanger i s  given by 

dHa d M C  V 

d t  d t  
- -  - C (T -Tc) - = C (T -Ti) - 

L P O  P O  

where dHa/dt = heat  absorbed per uni t   t ime 

cP 
T i  = i n i t i a l   d u s t   t e m p e r a t u r e  
TO = f inal   dust   temperature   ( temperature  of  exchanger 
V = dus t   ve loc i ty  

= dus t   spec i f i c   hea t   a t   cons t an t   p re s su re  
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Heat  Radiated i n  a Dustwall: The hea t   r ad ia t ed  per u n i t  
time by a s i n g l e   p a r t i c l e   a t  a po in t  x i n  the dustwal l ,  where 
x i s  i n   t h e   d i r e c t i o n  or the dus t   c i r cu la t ion ,  i s  

dH, dT dT JI - 1- = m Cp v - - mET9(x)AdVf 
d t  

- 
dx 

where dH,/dt = r a t e  of hea t   r ad ia t ion  
cr = Stefan-Boltzmann  constant 

= 5.67 x 10-5 erg/cm2 deg4 sec 
E = emissivi ty   of   dust  0 S E S 1  
Ad = area  of d u s t   p a r t i c l e  
Vf = view f a c t o r  

I n  o r d e r   t o   e v a l u a t e  the average  heat   radiated by the dustwall ,  
we must determi e the average of the f o u r t h  power of the 
temperature, Tav. 4 

L 
4 -  - 1 T 4 (x) dx 

Tav 

But  from  equation (5) 

where 

L 
4 To-Ti Thus,  Tav = "  

br .L 
0 



The t o t a l   h e a t   r a d i a t e d  by the dustwal l  i s  

where A =dus t   r ad ia t ing   a r ea  = nhWLAdVf. Since 
M, 

A = -  A V G 
d f ,  one has 

m 

Ti can be expressed i n  terms of the heat  exchanger  temperature 
and the radiator   parameters .  From equat ion (7) one has 

Figure of Merit: The r a d i a t o r  f igure of meri t   ( the  power 
r ad ia t ed  per u n i t   r a d i a t o r  mass) i s  

Since our  system i s  i n  equilibrium, dH/dt equals dHa/dt 
( in   equa t ion  ( 4 ) ) .  Therefore, we can e i the r  use  expression 

. 10) o r  (4) to   determine JVI . It follows from  equations (I), 
t 2 ) ,  (31,  and (4) t h a t  

The bas i c  problem i s  t o  maximize  and then t o  compare i t  
with other   types of r a d i a t o r s .  



Let U s  write equation 12) i n  terms of' the system 
parameters To, x, p , Mr t i n  our  system M r  Mr-Me), F 
and "r where 

3-r=3uEvf' 
*d 

d t  L 

Mr 
q-S" (the technology  index) 

F 

T i s  a measure of the dust   c i rculat ion  technology.  The 
be t te r  the technology, the smaller i s  CT. Equations  (11) 
and (12)  can be w r i t t e n  a s  

O f  course, the figure of merit i s  an optimum i f  Mc >> Mr, o r  

SyI = x(T,-T~) 

.a  nd - - - x i -  Ti = 0 dM dT 
d t  - dx 



The fo l lowing   tab les   g ive  the r e s u l t s  of an ana lys i s  o f  
the  d u s t   r a d i a t o r   i n  terms of the system  parameters. On the  
b a s i s  of these t ab le s ,  t h e  following  observations  can be made: 

1. 

2. 

3. 

4. 

5. 

The higher  t h e  heat-exchanger  temperature To, t h e  g r e a t e r  
the f i g u r e  of merit. 

Table 4 i n d i c a t e s   t h a t  the g r e a t e r  the mass flow r a t e ,  
the g r e a t e r  the hea t   d i s s ipa t ion ,   r ega rd le s s  of heat-  
exchanger  temperature. 

Tables 5 and 6 show t h a t   i n  order  t o  ge t  comparable hea t  
d i s s i p a t i o n  from a convent iona l   rad ia tor ,  t h e  mass flow 
r a t e  must be about 3 times t h a t   r e q u i r e d   f o r  the dus t  
r a d i a t o r .  

Table 7 shows t h a t  f o r  a l l   v a l u e s  of the operat ing 
temperature,   as T decreases,  (l/Md) (dH/dt) decreases.  

Table 9 i n d i c a t e s   t h a t   a s  x = C  (v/L) decreases  from 
i t s  optimum value,  (l/k)(dH/d:)  decreases f o r  a l l  
values  of To. 

TABLE 2 
DUST RADIATOR FIGURE O F  MERIT UNDER OPTIMUM CONDITIONS 

T O  %ax A T  (l/Md) (dH/dt) 
(OK) (wa t t/gr OK) (OK) (wa tt/er 1 

1000 7.0 x 10 5.5 x 10 3.85 x I O 3  
1400 1.50 x lo2 9.0 x 10 1.35 x lo3 4 

800 4.0 x 10 4.0 x 10 1.60 x lo2 
500 1.5 X 10 1.5 X 10 2.25 x 10 
300 4.3 8 3.44 x 10 

Assumptions: 
1. r = o  
2. No m a t e r i a l   r e s t r i c t i o n s  
3. 3.1 = 1.42 x watt/gr (OK)4. (This  corresponds t o  

a d u s t   p a r t i  l e  1 micron in rad ius  and having a dens i ty  
of 1 gram/cmg. ) 

4. (l/Md)(dH/dt) = X A T  ( AT =To-Ti) 



TABm 3 
FIGURE  OF MERIT FOR  CONVENTIONAL  TUBE-AND-FIN RADIATOR 

Radiator  Metal 
Coolant 

T O  

Columbium 
Liquid  Potassium 
1035°K 

1 dH Tube and Fin 1.51 watt/gram 

Tube and Fin 2. I. watt/gram 

1-side 

2-sides 
1 dH 
i"id ?f6 

TABU 4 
DUST  RADIATOR  HEAT DISSIPATION  VERSUS MASS FLOW RATE 

To = 800°K To = 1000°K To= 1400°K 
dH/d t F dH/d t F dH/d t F 
(kw) (lb/sec) (kw) ( W s e c )   ( l b / s e c )  

1. 6x102 3 44 3 . 85x10~ 3 77 1. 35X103 4 165 
8 . 0 x 1 0 ~  22 1 . 92x102 38.5 6 . 7 5 ~ 1 0 ~  82.5 

1 . 6x10 4.4 3 . 8 ~ x 1 0 ~  7 07 1. 35X102 16.5 
8 . 0x10 2.2 1 . 92x10~ 3 . 85 6 . ~ 5 x 1 0 ~  8.25 

3 . 2x102 8.8 7 . 7 0 ~ 1 0 ~  15.4 2 . 7 0 ~ 1 0 ~  33 

4 . 8x10 1 . 32 1 . 15x10 2.31 4 . 05x10 4.95 

Assumptions: 
1. Optimum Conditions 
2. Dust i s  graphite,  boron, o r  beryll ium and 

3. 9 = 1 . 4 2 ~ 1 0 - ~  watt/gram  (This  corresponds t o  a 
d u s t   p a r t i c l e  .4 micron i n   r a d i u s  and having a dens i ty  
of 2.54 gm/cm3. 

Cp=2  joules/gm°K 

4. 7 = 0  

33 
, .  



TABLE 5 
DUST  RADIATOR  HEAT DISSIPATION VERSUS MASS FLOW RATE 

To = 800°K To = 1000°K To = 1400°K 

dH/dt F F F 
( W  - (lb/sec)  ( lb/sec)  ( lb/sec) 

5x10; 13.8~10 10 . Ox10 

50x103 13 . 8x102 10 . 0X1O2 
lOOxl0 27 . 6x10 20 . Ox10 

1ox103 27 . 6x102 20 . ox102 
6 .1~10  

6 . 1 x 1 0 ~  
12 . 2X1O2 

12 2x10 

Assumptions: 
1. Optimum Conditions 
2. Dust p a r t i c l e s   a r e   g r a p h i t e ,  boron, o r  beryll ium 
3. S = 1 . 4 2 ~ 1 0 - ~  watt/gm (This  corresponds t o  a 

p a r t i c l e  .4 micron i n  r ad ius  and having a dens i ty  of 
2 . 54 gram/cm3. ) 

4. T = O  

TABLE 6 
CONVENTIONAL RADIATOR HEAT DISSIPATION VERSUS MASS FLOW RATE 

dH/dt F 

50 x 10; 
100 x 10 

(lb/sec) 
2.4 x lo2 2 
4 .8  x lo3 
2.4 x 10 
4.8 x 103 

Assumptions: 
1. Conventional  tube-and-fin  radiator made of columbium 

us ing  l iquid  potassium a s  coolant 
2. cp = .836 joule/gram OK 

3. To = 1035'K 
4. A T  = 55OK 
5. dH/dt = Cp AT F 



1000 

800 

Assumptions: 

TABLE 7 
DUST RADIATOR FIGURE OF MERIT AS A 

FUNCTION OF EMITTER  TECHNOLOGY 

X 

(wa t t/gm OK) 

1 . 5x102 

7.0XlO 

4 0 Ox10 

1 . 5 ~ 1 0  

4.3 

Technology 
Index y 

10 

10- 
10 
l 1  
10- 
10 

10- 
10 

10- 
10 
1 

10- 
lo-; 

2.96 
2 . 6 5 ~ 1 0 ~  
I. . 2 8 x 1 0 ~  
2 . 20x10 

1.52 
1.09xlO 
2 . 84x10 
3 .35~10  

Optimum Conditions 
Dust used i s  boron 
P =1.42x10'* watt/gm (This  corresponds  to a 
d u s t   p a r t i c l e  .4 micron i n   r a d i u s  and having a dens i ty  
of 2.54 gm/cm3. ) 
cP = 2 joules/gm OK 

(l/Md) (dH/dt) = x AT 1 
1 + (TX/Cp) 
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TABU 8 
v/L VERSUS  To  FOR BORON DUST  PARTICLES 

UNDER OPTIMUM CONDITIONS 

(dH/d t TO 
(watt/gm> (OK> 

1. 35x1o3 4 1400 
3.85~10 3 1000 
1 . 60x10~ 800 
2.25~10 500 
3.4 x10 300 

Assumptions: 

1. r ( Z 0  
2. cp = 2 joules/gm OK 

3. )A = 1.42~10-~ watt/gm 
d u s t   p a r t i c l e  .4 mic  on i n  
d e n s i t y  of 2.54 gm/cm 5 . 

40 v/L = ( l /CpAT) (I&) (dH/dt) 

AT v/L 
(OK> (sec-’) 

9. Ox10 7 0 5 ~ 1 0 ~  

4 . Ox10 1.88~10 
1 . 5x10  .705x10 
5 . 5x10 3 27x10 

8 2.01 

(This  corresponds t o  a 
r ad ius  and having a 



TABU3 9 
RADIATOR  FIGURE  OF MERIT FOR BORON 

UNDER  NON-OPTIMUM  CONDITIONS 

X 

(wa t t/gm OK) 

1. 5x102 
1.5~10 
1.5 
7 0 Ox10 
7.0 
7 . 0x10-1 
4.0XlO 

4.0~10- 
4.0 

1.5~10 
1.5 
1.5~10'~ 

AT 
(OK) 

9. 0X1O2 
4.8~10~ 
9 . 35x10 
5 5x102 
3.o5x1o2 

4 .0X1O2 
6.40~10 

2. 30x102 
5 . 00x10 

1 0  5x102 
1.15~10~ 
2.86~10 

8 
10 

5.5~10 

2.01 
0 201 
0 0201 

1.60~10~ 3 
2 0 00x10 
9. 20X1O2 

2. 25x1o2 2 
1.73~10 
4.3~10 
3.44XlO 

2.36 
4.3 

Assumptions: 

1. T = O  
2. 9 = 1.42~10-~ gm corresponding to a dust 

particle  radi s of .4 micron and having a density 
of 2.54 gm/cm 3 . 

3. x = Cp(v/L)  where Cp = 2.12  joule/gm OK 
4. (l/Md)(dH/dt) = x AT 
5. The  first  line  corresponds to optimum conditions. 
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TABU 10 
DUST RADIATOR HEAT DISSIPATION VERSUS  MASS FLOW RATE 

FOR NON-OPTIMUM CONDITIONS 

To = 800°K To = 1000°K To = 1400°K 
dH/dt F dH/d t F dH/d t F 
(kw) (lb/sec) ( W  ( W s e c )  (kw) ( lb/sec)  

9. 2Ox1O2 2 3 4 . 60x10~ 2.07 1.06~10~ 3.6 3. 6x1o3 7.7 
1.00x10 . 207 2 . 25x10 36 . 7x10- 0 77 

4.15  2. 28x103 3 7.2 7.2x103  15.4 

2. oox102  .415 4.50~10~ 072 1. 4x103 1.54 

AssumDtions: 
1. Non-optimum condi t ions  
2. "r = o  
3. M=1.42~10-~ watt/gm corresponding  to  a d u s t  

p a r t i c l e  of r a d i u s  .4 micron  and  density 2.54 gm/cm 3 . 

. " 



SECTION 4 
ELECTROMAGNETIC APPLICATIONS OF DUST STRUCTURES 

4.1 WST EIlECTROMAGNETIC ANTENNAS 

I n  t h i s  sect ion,  some preliminary  concepts w i l l  be  con- 
sidered f o r  use i n  space  of  configurations of micron  aize 
pa r t i c l e s   a s   e l ec t romagne t i c   an t ennas .  For electromagnetic 
mattering appl ica t ions ,  one should  not be r e s t r i c t e d  t o  
s p h e r i c a l   p a r t i c l e s .  Long c y l i n d r i c a l   p a r t i c l e s  whose diameters 
are micron a ize  will be more e f f ec t ive   i n   e l ec t romagne t i a  
re f lec t ion   than   smal l   spher ica l   par t fc les .  

It can  be  experimentally  demonstrated tha t  long c y l i n d r i c a l  
needles with very  narrow  diameters will be e f f e c t i v e   i n   r e f l e c -  
tlng microwave r ad ia t ion .  It has long  been known (and used i n  
count less   appl ica t ions)   tha t   to ta l   c losed   coverage  of an  area i s  
no t   r equ i r ed   fo r  the e f f e c t i v e  w e  of' a sur face  as a n   e f f i c i e n t  
r e f l e c t o r .  Thus a grid of wires spaced  closer  than  the  free 
space  wavelength  forms a r e f l e c t o r   f o r  an i nc iden t  wave whose 
e l e c t r i c   p o l a r i z a t i o n  i s  p a r a l l e l  t o  the axes  of the wires. 
For example, a wire  area  coverage of only 0.1% can  provide a 

5: eomet r i ca l   r e f l ec t ion   coe f f i c i en t   be t t e r   t han  0.9 i f  t h e r e   a r e  
0 o r  more wires per wavelength. This mechanism  can be under- 

s tood   phys i ca l ly   i n  8 number of ways. For  example,  one may 
consider the space  between wires as forming a number of wave- 
guides below cutof f .   Essent ia l ly   then  the r e f l e c t i o n  i s  due t o  
the equivalent   mater ia l   coupl ing  capaci tance and  inductance 
between wires, much a8  the  propagat ion (or non-propagation) 
c h a r a c t e r i s t i c s   f o r  any  waveguide  can be understood by an  
equ iva len t   c i r cu i t   bas i s .  The s c a t t e r i n g  and r e s u l t a n t  reflec- 
ted wave fpom the a r r a y  is much g r e a t e r  than t h a t  due t o  the 
t o t a l  wire cross sect ion  a lone.  The impor tan t   e f fec t  i s  the 
mutual  coupling. I n  a s imi l a r  manner  a c o l l e c t i o n  of p a r t i c l e s  
can   a l so   s e rve   a s   an   equ iva len t   l i ne  below or above  cutoff t o  
provide  almost  complete  reflection or transmission with some 
equ iva len t   d i e l ec t r i c   p rope r ty .  

Knowing t h a t   t h e   m e t a l l i c  wire grid has  almost the same 
r e f l e c t i o n   a s  a sol id   metal   surface,  one next   cons iders   tha t  
separa t ion  of the indiv idua l  wires of the grid will have  only 
a sma l l   e f f ec t  on the r e f l e c t i o n  aa long a s  the fndiv idua l  
wires have  a Length comparable t o  a wavelength. I n  the case of 
s p a t i a l   d i s t r i b u t i o n  of dust needles   or  wires, the random 
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nature  of the array  should permit good r e f l e c t i o n  from  even 
shorter  wire  segments  than in   t he   ca se   o f  a grid. 

To summarize, f o r  optimum electromagnet ic   scat ter ing,  the 
best d u s t  p a r t i c l e  will be needle-shaped with length  much 
greater   than  diameter .  Such  a d u s t   p a r t i c l e  may be  termed  a 
"whisker".  Metal  whiskers  have  been grown a s   s i n g l e   c r y s t a l s  
with much grea te r   t ens i le   s t rength   than   the   usua l   po lycrys-  
t a l l i n e ' f o r m  of the metal. A technology  for making  and handling 
such long dus t  whiskers can  probably be developed. Thus. the 
advantage  of   dust   par t ic les ,   large  area  per  u n i t  mass, can  be 
had for electromagnetic r f l e c t i o n .  One would use such dus t  
whiskers with mass of 10-8 gm t o  10-7 gm, and with a length 
comparable t o  the wavelength. The replacement of a w i re ' g r ld  
by t hese   d i sc re t e  d u s t  whiskers would probably  have a minimal 
e f f e c t  on   t he   r e f l ec t ion   coe f f i c i en t  of the   sur face ,  i f  the 
whiskers were arranged i n  a  random ar ray .  

A second  point  should be noted with r e g a r d   t o  d u s t  con- 
f igu ra t io ,ns   a s  opposed to   o the r   t ypes  of r e f l e c t o r s ,  gr ids  
included. The d u s t  configurat ion i s  e s s e n t i a l l y  a  random 
c o l l e c t i o n  of par t ic les   a l though the boundaries  can  be  fairly 
well  defined.  Because of th i s ,  the resul tant   propagat ion and 
r e f l e c t i o n  will have  coherent and incoherent components. How- 
ever, the incoherent component  can  be  made.very  small f o r   t h e  
d is t r ibu t ion   cons idered ,  a s  shown in   Sec t ion  4.3, 80 t h i s  
r e a l l y  need not  be a  problem. The r e s u l t  can only be  a small  
d e t e r i o r a t i o n  of the antenna  properties.  . . 

The dust  antenna i s  a  "seeded" or   conta ined   spa t ia l  d i s -  
t r i b u t i o n  of micron o r  submicron p a r t i c l e s   i n  a p a t t e r n  which 
i s  shaped by the  containment  parameters t o   p rov ide   t he  desired 
ref lect ion  and/or   propagat ion  character is t ics .  It is conceivable 
that   a lmost  any of the standard  antenna  types  such a s  parabolas, 
long-wavelength wires and a r r a y s  of wires such a s   d i r e c t i v e  
firing rhomboids, d i e l ec t r i c   an t ennas ,   e t c .  may be  formed. I n  
par t icular ,   because of the low t o t a l  mass requi red   ( for  example, 
corresponding  to the 200 lb/mile* for   re f lec tors )   ex t remely  
large  antennas and a r r ays  can be proJected.  Further, these do 
not suffer from the usual  structural   problems  of  connectional 
antennas due t o  the  very  lack of a sol id   support ing structure. 
Thus d i s t o r t i o n  and  breakage  due t o  thermal   radiat ion and 
imbalance,   destruction by meteoroids,  etc.  are  not  problems. 
One can list the advantages  to  be obtained with dust  antennas 
as   fo l lows  : 
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1) The p o s s i b i l i t y  o f  extremely  large  antennas or a r r a y s  of 
antennas with t h e  consequent high ga in  and r e s o l u t i o n  
obtained with a r e l a t i v e l y   s m a l l   t o t a l  mass. 

or  meteoroid flux. Certain  other   problems  such  as   "solar  
wind" e f f e c t s ,   a i r   d r a g ,   r e s i d u a l  components of grav i ty ,  
e t c .  which  have t o  be  considered mf@;ht play  important 
r o l e s  here however. Preliminary  investigations  have shown 
t h a t  these  other  forces will be s u f f i c i e n t l y  small i n  many 
cases, or containment and shaping schemes can  be  provided 
t o  make these   fo rces   i ne f f ec t ive .  

2) Maintenance of antenna  integrity  independent of thermal 

3) Capabi l i ty  of o r f en t ing  and reor ien t ing   an tennas   rap id ly  
and with m i n i m u m  power expenditure. 

Dust antennas  can be c la s sed   bas i ca l ly  as of three d i s t i n c t  
types when the specific operating func t ions  a re  considered. 
Theae  are: 

1. Area coverage  antennas 
2. Indiv idua l  beam antennas 
3. Dielec t r ic   an tennas  

These th ree  types can  be  described  as  follows: 
1. Equiva len t   re f lec tors   represent ing  large area  focussing, 

bo th   cy l ind r i ca l  and spherical ,   horns  of a l l  types,  and 
r e f l e c t i v e  grids and zone p la t e s ,  among others .  These 
antennas  are  formed of s p a t i a l  d u s t  d i s t r ibu t ions   cover ing  
a reas  which  have the  shapes l i s t e d  above. The cover may be 
complete, i.e., in the sense   tha t  the d u s t   d i s t r i b u t i o n  
covers the ent i re   area  forming  the  parabola   for  example, o r  
i t  may be incomplete,  wherein the d u s t  d i s t r ibu t ion   on ly  
par t ia l ly   covers   an   a rea .  An example of Incomplete 
coverage is a s t r u c t u r e  i n  which  a r e f l ec t ing   su r f ace  i s  
formed by a number of closely-spaced  but  separate "beams" 
of dus t ,  much like a grid. 

2. Separate beams or   wi re- l ike   d i s t r fbut fona  of d u s t   t o  
s imulate   equivalent  wires or  rods. These may be  arranged 
a s   s epa ra t e  wires of s p e c i f i c  lengths a s  a dipole  antenna 
for example, or as ar raye  of d u s t  beams simulating a grid- 
l ike  a r r ay  of wires. 
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3. Dust d i s t r i b u t i o n s  which s imula te   d ie lec t r ic   an tenna8   in  
the form of l enses ,   d ie lec t r ic   rod   an tennas  or  sur face  
wave devices . 

A number of methods  can be cons ide red   fo r   s e t t i ng  up and 
maintaining the dust  antenna  configuration. The s p e c i f i c s  of 
any method w i l l  depend c r l t i c a l l y  upon the type of antenna  to 
be formed  and on the avai lable   technology.   In   general  terms 
however,  one can  enumerate  the  methods a s  follows: 

1) The con t inua l   c i r cu la t ion  of d u s t   i n  the form of dus t  
"beams" provided by either mechanica l   o r   e lec t r ica l  
emitters and co l l ec to r s?  This system i s  i d e a l   f o r  the 
equivalent  wire type antennas,   dielectric  rod  antennas,  
and o the r s  . 

2) The seeding of dus t  i n  p l a c e   t o  form the desired con- 
f igu ra t ion .  Once placed  properly,  with due regard   to  
perturbing forces   such   as   smal l   g rav i ty  components, 
e t c . ,   s p a t i a l   d i s t r i b u t i o n  of dus t  w i l l  maintain i t s  
configuration  provided  that  t h e  dust is seeded with 
the p rope r   r e l a t ive   ve loc i t i e s  and i n i t i a l   c o n d i t i o n s .  

forces can  contain the resul tant   formation.  An example 
of such a p o s i t i o n  might be the earth-moon l i b r a t i o n  

3) Seeding of d u s t   s p e c i f i c a l l y   i n  volumes where outs ide  

points .  
4) Seeding followed by shaping of the dus t   d i s t r ibu t ion .  

(The shaping may be performed  only i n i t i a l l y   o r  i t  may 
be continuous t o  provide  continued  correction  of the  
dus t   d i s t r ibu t ion . )  The shaping  can be achieved by 
using a smal l  robot  space ship with a scoop which moves 
about the region removing dus t  from regions where it i s  
not  wanted.  For  example, a dust  parabola  could be formed 
i n  t h i s  way. 

* -  ~ ~~ ~~~ 

- 

Dust beams have been produced and operated  rout inely  using 
mechanical emitters and c o l l e c t o r s  for  a p p l i c a t i o n   i n  the 
testing of the dustwall   concept  for  meteoroid  protection. 

~~ . .  ~~ 
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A fu r the r   a spec t  of d u s t  antennas i s  the method of feeding 
and rece iv ing  the s i g n a l  from the antenna. This  again  depends 
upon t h e   p a r t i c u l a r  type of  antenna.  Those~which  are  essentially 
r e f l ec to r s ' and   focusse r s ,   such   a s  the  parabola,'  can use a small 
Feed a t  the focus   a s   does  any  such  antenna,  Since t h i s  i s  a 
small  element, it need not  be composed of dus t   bu t  may be  a  con- 
ventional  feed  placed on  a robot  space  vehicle which I s  s ta t ioned  
a t  the focus. TNs space  vehicle  will also   conta in  the var ious 
other  elements  necessary fo r  processing and t r ansmi t t i ng   s igna l s  
t o   e a r t h .  Such a feed may be moved w i t h i n   c e r t a i n ' l a t i t u d e s   t o  
provide some degree of scanning  of  the  antenna.  Equivalent wire 
types of antennas  or   dielectr ic   rod  antennas on the   o the r  hand, 
would make use of other  types of e x c i t e r s .  The d i e l e c t r i c   r o d  
essent ia l ly   suppor ts  a surface wave  mode, the s igna l  From which 
would be obtained  from a so l id   sur face  wave emi t te r .  For these 
and equivalent  wire  configurations,  the s i g n a l  must be derived 
from field components or   d i sp lacement   cur ren t   ra ther   than  con- 
d u c t i o n   i n   t h e  wire (the equivalent  dus t  wire). A horn may be 
oonnected t o  a source by t aper ing  the horn down to a  conven- 
t i o n a l  or over-size waveguide, i tself  made of dustwal ls .  The 
load i n  the waveguide  can  then be a de tec tor ,  made of conven- 
t i o n a l  waveguide  components  which are l o c a t e d   i n  the d u s t  wave- 
guide * 

An important  problem i s  the amount of  incoherent  microwave 
r e f l e c t i o n  produced by a d i f f u s e   d u s t   s t r u c t u r e ,  i.e., a d u s t  
re f lec t ing   sur face .  A de ta i l ed   ca l cu la t ion  is g i v e n   i n   S e c t i o n  
4.2 which shows t h a t  for p r a c t i c a l  d u s t  dens i t ies ,   incoherent  
r e f l e c t i o n  will not be  a  problem. 

4.2 INCOHERENT REFIXCTION FROM DUST ANTENNAS 

An Important  problem  related  to d i f fuse  r e f l e c t i n g   s u r f a c e s  
i s  t h a t  of incoherent   re f lec t ion .  A re f lec t ing   dus t   an tenna  i s  
such  a d i f fuse   s t ruc tu re .  A series of ca l cu la t ions  is g f v e n   i n  
t h i s  s ec t ion  which show tha t  as  l ong   a s  the mean width of dus t  
beams i s  small i n  comparison t o  a  wavelength, the incoherent 
r e f l e c t i o n  is not  important.  
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I n  o r d e r   t o   c a l c u l a t e  the r a t i o  of  dncoherent  to  uoherent 
power, we w i l l  consider a d i s t r i b u t i o n  of dus t  pa r t i c l e s   abou t  
a l i n e  AB, a s  shown in  Figure 8. Let x be the perpendicular 
d i s tance  of a d u s t   p a r t i c l e  from the l i n e  and 8 the angle t h a t  
the i n c i d e n t   r a d i a t i o n  makes with AB. The f i n a l   r e s u l t  i s  
pract ical ly   independent  of the form  of the d i s t r i b u t i o n ,  whether 
Gaussian,   delta,  o r  step funotion. Assume t h a t  the dus t  dis- 
t r i b u t i o n  G is normal  (Gaussian) i n   t h e   d i r e c t i o n  of x. 

1 -x2/2h2 
G(x) =&- e (14) 

The sca t t e red  field due t o  a ' a i n g l e   s c a t t e r e r  i s  given by 

where E = inc ident   f ie ld   ampl i tude  
% = s c a t t e r i n g  length of d u s t   p a r t i c l e  

k = 2 n/D = wave number 
r = dis tance  from s c a t t e r e r   t o   p o i n t  of observation 

where L!l* i s  the sca t t e r ing   c ros s   s ec t ion  

The sca t t e red  power is  given by 

-00 
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FIGURE 8. Incoherent Scattering from Dust Antenna 
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Since the moss terms vanish, one has 
00 

-go 

E, the coherent  amplitude  due t o  all p a r t i c l e s  i s  

00 - 
E = A E, G(x) dx  da 

3 
-00 

ikx s i n  9 e -x2/2h2 

J 2 3 2  
dx 

"-00 

- (hk sin 8)2/2 
= f  E , e  

where A is the number of p a r t i c l e s  per  unit a r e a   i n  the 
inc ident  beam, and ds is an  element of area , f = $ A d s  
i s  the   f r ac t iona l   opac i ty  of the  dus t ,   I n   equa t ion  (16 
1E-Es\2 represents   the  scat tered  incoherent  power  and 
s tands  for the   scat tered  coherent  power. I n  the  incoherent  
term t h e   i n t e n s i t i e s  add,  while in the coherent  term the 
amplitudes  add, Now 

where @ = 5 (hk sin 9)2/2 
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The r a t i o  of incoherent   to   coherent  

number. 

thus  

If 

Now 
N =  1 

rea c: h , p y - t i c l e s   c l o s e l y  
wavelength,  then cr= .rra (independent 
and 
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spaced compared t o  
of s i z e  of p a r t i c l e ) ,  

power is given by 

1 - f  9 2 2  
R =  

f* $2 

The opaci ty  f i s  given by M h Q = f 
where N i s  the number of p a r t i c l e s   p e r  u n i t  volume  and 
is S.L*, the sca t t e r ing   c ros s   s ec t ion .  Consequently, R is  
a func t ion  of the p a r t i c l e  size ,  dens i ty  of p a r t i c l e s  (or 
spacing  between  particles) and  frequency of i nc iden t   r ad ia t ion .  

O f  coume, the thicknesa of the dustwall  is r e l a t e d   t o  f. 
The d i s t ance  between p a r t i c l e s  i s  r.8 where r is a p o s i t i v e  



Table 11 gives  the incoherent power r a t i o   v e r s u s   s e v e r a l  
dust parameters fo r  s p h e r i c a l   p a r t i c l e s .  It is  expected  that  
the case of s p h e r i c a l   p a r t i c l e s   g i v e s  8 more pess imis t i c  
estimate of the incoherent component than the more r e a l i a t i o  
case of c y l i n d r i c a l   d u s t   p a r t i c l e s .  

TABLE 11 
FRACTION OF INCOHERENT POWER VERSUS 

FREQUENCY AND DUST DENSITY 

Incoherent Power Denaity 

Frequency 
(megacycles) 

30 

10,000 

Assumptions: 

58 Oo0 

Mean Spacing-10  Radii Mean Spa cing-100  Radii 
P a r t i c l e  Size P a r t i c l e   S i z e  

1 micron 20 microna 1 micron 

6.910 -12 2 5 ~ 1 0 ' ~  6 . 31~10-~ 
1.7~10'~ 7x10'~ 0.17 

7x10°8 2 . 8 ~ 1 0 - ~  0.98 

Prac t ion  of geometric  area  covered by dus t  3s 0.1 
Incidence of r a d i a t i o n  is  normal. 

4.3  GEOMETRIC CONFIOURATIONS FOR .DUST ANTENNA STRUCTURES 

Two general   types  of dust antenna  structurea  can be 
considered: (1) "fur lab le"  microwave aca t te r ing   an tennas  
or   t ransmi t - rece ive   an tennas   a t tached   to  the space  vehicle;  
(2) large-area  duat   antenna  s t ructures   in   apace with dlmen- 
aions  ranging  from  hundreds of meters t o  many miles. 

A f u r l a b l e  microwave s c a t t e r i n g  o r  t ransmit-receive 
antenna will cons i s t  of a p a t t e r n  of dus t  bema, each  produced 
by an emi t te r -co l lec tor   pa i r   ex tended  from  a  space  Vehicle, 
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e i t h e r  by means of a tow rope or from  an  independently powered 
s a t e l l i t e   v e h i c l e .  The advantages of such  an  antenna  are: 
large  area  per   uni t  mass, a v a r i e t y  of shapes, and independence 
of conventional  structural   problems. The use of dus t  beams i n  
such  an  antenna is very   s imi l a r   t o   t he   u se  of long  rods or  
wires a s  e l e c t r i c   d i p o l e s .  Hence such a configurat ion is 
r e l a t ive ly   f ami l f a r .  

Large-area d u s t  s t r u c t u r e s   a r e  of i n t e r e s t   f o r   r a d i o  
telescopes  or  for  antennas  for  hyper-long  distance  applications.  
A radio  te lescope is used t o   s t u d y  the r a d i o  waves received on 
e a r t h  from  a v a r i e t y  of astronomical  objects.  No radio  source 
gives  anything bu t  a small-amount of r a d i o  power flux a t  %he 
surface of the earth. The sources   rad ia te   no ise- l ike   s igna ls  
and t h e i r  power fluxes vary from 10-22 t o  10-26 wat ts  per 
square  meter (of' co l l ec t ing   a r ea  of the  antenna)  per  cycle  per 
second (of radiometer  bandwidth). It is  thus   c l ea r   t ha t   co l -  
l ec t ing   a r eas  of thousands of square  meters  are  necessary when 
weak radio  sources  must be accura te ly  measured. 

Parabolic Dust S t ruc tu res  
One of the most  widely used microwave  antennas is the 

pa rabo l i c   r e f l ec to r .  This  conffgurat ion has very  advantageous 
focussing  properties,  because the d is tance   t rave led  by any ray  
from the  focus t o  the   parabola ,   in  a plane  perpendicular t o  the  
parabola  axis,  i s  independent of i t s  path.  Usually, t o  obta in  
t h i s  focussing  property i t  is s p e c i f i e d   t h a t  the parabol ic  sur- 
face must be q u i t e  smooth i n  terms of the  wavelength, e .g . ,  the  
r o o t  mean square  deviation of the   r e f l ec t ing   su r f ace  from i t s  
ideal   parabol ic   contour  must be leea  than 1/8 of a wavelength. 

Smoothness of the   parabol ic   surface however, may be less 
important for a d u s t  s t ruc tu re .  It i s  poin ted   ou t   in   Sec t ion  
4.2 t ha t  a d u s t  s t ructure  surface may be i n d e f i n i t e  t o  within 
a ' f r ac t ion  of the  wavelength  without any subStant i81   pena l t ies  
in   incoherent  power. This  implies t h a t   t h e  smoothness c r i t e r i o n  
i s  less   impor tan t   for  a dus t  surface;  hence  deviations from an  
ideal  parabolic  shape w i l l  t end   to  be less important for  a 
parabol ic  d u s t  s t ruc tu re .  
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Q p i c a l   q u a n t i t a t i v e   i n d i c e s   f o r   i d e a l   p a r a b o l i c   s t r u c t u r e s  
a r e   t a b u l a t e d   i n   T a b l e s  12 and 13. Width and  shape  of the major 
lobe of the r a d i a t i o n   p a t t e r n  for a parabola  depend upon the 
size and  shape of the month of the  parabola,  and the v a r i a t i o n  
of f ie ld  i n t e n s i t y  and phase  over the aperture .  

TABLE 12 
BEAM WIDIBS OF PARABOLIC ANTENNAS 

Fie ld  Width of  Major Lobe 
Shape  of D i s t r ibu t ion  Between Nulls  .Between  Half- 
Mouth Across Mouth Power Point8 

Rectangular  Unif o m  

Rectangular along Sinusoidal  

Circular  Unif o m  

115' T I 0  

I n  Table 12, L i s  length of a rec tangular  mouth or 
diameter of a c i r c u l a r  mouth i n  the d i r e c t i o n  of i n t e r e s t .  
The ga in  is  given by 

where A is  the area of the antenna, the wavelength,  and 
k is a constant.  k takes  into  account  any  non-uniformity of 
magnitude  and  phase i n  the f je ld  d i s t r i b u t i o n   a c r o s s  the 
aper ture  of the parabola ,   and  a lso  any  fa i lure  of the i l lumina- 
ting a n t e n n a   t o   r a d i a t e   a l l  i t s  energy  against  the  r e f l e c t i n g  
surface.   For   constant   intensi ty  and  uniform  phase,  one has 
k = 1. Under prac t ica l   condi t ions ,  k will be of the order  0.5 
t o  0.7. The ga in  and beam wfdth a t   d i f f e r e n t   f r e q u e n c i e s   a r e  
given i n  Table 13 f o r  D = l O O O  meters. 



TABLE 13 
B E A M  WIDTH AND GAIN VERSUS F'RSQUENCY 

Shape Field Width Between  Gain  Frequency 
of Mouth Dis t r ibu t ion  Half-Power Poin ts  k = O . S  (mc> 

Rectangular Unff orm 1.5, 7,000 10 
Reatangular Uniform 0.5 60,000 30 
Rectangular Uniform 0.15' 7x105 100 

Ci rcu la r  Uniform 1.5, 5,500 10 
Circu lar  Uniform 0.5 50,000 30 
Circular  Unif o m  0.15' 5 . 5x105 100 

0 

0 

Thus l o r  a 1000 geter  diameter  parabola a g a i n  of 7000 can 
be r e a l i z e d  with a 14 h a l f  beam width a t  10 megacycles. With 
the methods  envisioned here, an  antenna 2 o r  3 miles i n  diameter 
may be f e a s i b l e  with a 25-fold  increase i n   g a i n  and  a  5-fold 
d e c r e a s e   i n  beam width. 

Parabol ic  Antenna with Inner  Region  Truncated 
An improvement on a simple parabol ic   dus t   conf igura t ion  

would be obtained by removing an   inner   reg ion  by t runca t ing  it 
a t  an  inner  radius: The antenna  pat tern suffers l i t t l e  deg- 
r ada t ion  by th is  t runcat ion.  On the o the r  hand, the reg ion  
removed is the one  which has   the  greatest   uurvature ,  and i n  
which deviation8  from the parabol ic   contour   a re  most important. 
Hence i t  should be much e a s i e r  t o  maintain the parabolic  contour 
over the remainder  of the r e f l e c t i n g   s u r f a a e  whiah has   r e l a -  
%ive ly  Lit t le curvature.  Depending on the manner of formation 
of the dus t  contour, t h i s  truncated  parabola may o f f e r  uon- 
e iderable   s impl i f ica t ion   in   conta inment .  

~- 

Horn Antenna Dust S t r u a t u r e s  
~ 

A dust  horn  antenna would c o n s i s t  of four plane  dust  
sur faces   Jo ined   to  form a  waveguide. The waveguide width is 
f l a r e d  towards an opening, permitting the s igna l  volume i n s i d e  
the   gu ide   t o  expand  toward the opening. Thus only  plane dus t  
sur faces  need be formed f o r  a dust   horn  antenna  s t ructure .  



The f l a r e  of the horn may be in   e i ther   d imens ion   cor res - '  
ponding t o  a,n E plane  horn if 'the t ape r '  i s  i n  the plane of the  
E v e c t o r   ( r e l a t i v e   t o  th-e  attached  feed  waveguide)  or  an H 
plane  horn i f  the taper  I s  i n  the H plane.   Al ternat ively  the 
t a p e r  may be i n   b o t h   d i r e c t i o n s  and c o n s t i t u t e  a pyramidal.horn. 
Table 1 4  g ives  the c h a r a c t e r i s t i c s   f o r  optimum horns.  Because 
o f ' t h e   d u s t   s t r u c t u r e  one can  consider  horns  which  are  very 
large compared with converit'ional  ones. The conductive wa l l s  of 
the   horn  are   here   considered  to  be equ iva len t   r e f l ec to r s  formed 
of d u s t  which may provide  complete  wall  area  coverage.  Alter- 
nat ively,   they may cons i s t  of ind iv idua l  dus t  beams providing a 
spaced  coverage of the   a rea .  For the  purpose  of  providing  the 
cor rec t   phase   d i s t r ibu t ion   over  the horn mouth, the horn must 
be  very  gradual ly   tapered  or   f lared.  This provides   tha t   the  
p h a s e   f r o n t   a t  the mouth  of the horn   sha l l  be  approximately 
p lanar   ra ther   than   spher ica l ,  The sma l l e s t   f l a r e   g ives   t he  
sharpes t  beam and h i g h e s t   g a i n   f o r  a given mouth s i ze .  However, 
with the  dus t  conf igura t ion   th in  and long  (slow)  tapers  can  be 
achieved.  1n.Table 14 the  symbol  a 1s the H plane width and 
b the E plane width. X i s  the  length from the  horn  apex  to 
the mouth, 

Table 15 gives   va lues  of the gain,  beamwidth,  and required 
length of horn   for  10, 30, and 100 megacycles. 

Thus a horn type  of d u s t  conf igura t ion   of fe rs   the   poss i -  
b i l i t y  of high g a i n  and  small beam width. I n  this case, a l l  
re f lec t ive   sur faces   a re   p lanar ,   a l lowing  for the use of d u s t  
containment  schemes  which a re   fundamenta l ly   d i f fe ren t  from 
t h a t  of the  parabola , 



Optimum 
Proportions 

Property to 
be  Optimized 

Half-Power 
Beam Widths 

(del31 
H or (YZ) 

plane 

TABLE 14 
FORMULAS POR- OPTIMUM HORNS 

Horn  Type 
Pyramidal Sectoral  Sectoral 

H-Plane  E-Plane 

gain . 

Values of k for 
Calculation of' 0.50 

Gain 

beamwidth beamwidth 
i n  H plane in E plane 

80 - 68 - 

0.63 0.65 

Definitions: a =mouth dimension i n  z direction 
b =mouth dimension i n  y direction 
.S = horn length from mouth to  apex 
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Horn Type Fre uency 
(10 Cps) 2 

Pyramidal 10 
30 
100 

Sectoral  10 
E-Plane 30 

100 

Sectoral 10 
H-Plane 30 

100 

Beamwidth 
9 H-Plane 
(m) (degrees) 

11,000 2.4 
3,000 2.7 
10,000 0.8 

11,000 2 .4  
3,000 2.7 

10,000 0.8 

10,500 3-35 
4,500 135 
15,000 135 

Beamwidth 
E-Plane Gain 
(degrees) . 

2.0 5,600 
2.2 4,500 
0.7 50,000 

200 65 
200 60 
200 190 

2.0 100 
1.7 
0 .5  

120 
130 



Fresnel Zone P l a t e  IXlst Antenna 

z o n e - p l a t e ,  This c o n s i s t s  of 8 r e f l ec t ing   p l a t e ,   po r t ions  of 
whioh"have  'been  removed t o  improve  the  diffract ion  pat te ' rn  of' 
the p l a t e .  (A complete f l a t   p l a t e   r e f l e u t o r  does not  provide 
8 u s e f u l  antenna  s t ructure;  i t  only  provides  an image of the  
antenna receiver feed In the p l a t e ,  so t h a t  one may consider 
the r e s u l t i n g  beam t o  be formed by two r ece ive r  feeds. ) To 
use a F l a t   p l a t e   r e f l e c t o r  one should  therefore remove por t ions  
of it t o  P0rm.a  zone p l a t e .  The removed s e c t i o n s   a r e  the even 
(or odd) Fresnel  zones. The removed por t ions   a r e   t hose  which 
can cause   des t ruc t ive   in te r fe rence ,   i . e . ,   por t ions  from which 
rays t o  the focus would be 7t r ad ians  out; of phase from the 
neighboring zones. 

Another interesting dust  antenna  s t ructure  is the Fresnel 

Experiments have been donel demonstrating the e f f ec t iveness  
of' a Fresnel  zone p l a t e  fo r  x-band  microwave r ad la t ion .  These 
experiments show that; the beamwidth for the Fre.sne1  zone  plate 
i s  almost i d e n t i c a l  with t h a t  of' a paraboloid  having the same 
diameter. This is one of the s a l i e n t   f e a t u r e s  of zone p l a t e s .  
Although the gain  is much lower  than  that  of' a paraboloid of 
the same diameter,   the beamwidth is the same, 

The reason   for  the par t ia l   independence of gain and beam- 
width is  in the very nature  of the  zone  plate  as a d i f f r a c t i o n  
device.   Instead of m a t t e r i n g   a l l  of the i n c i d e n t   r a d i a t i o n  
into the   feed l ike a paraboloid, the zone p l a t e   s c a t t e r s   o n l y  
a por t ion  of it  i n t o  the feed and  hence, has  a much lower  gain. 
Beamwidth,  on the o ther  hand, is determined by the   physical  
dlame t e r  . 

Van Buskirk and Hendrix  have compared gain  equations with 
experimental   data.  Their results are   given i n  Table 16. 

Van Buskirk and  Hendrix, "The  Zone P l a t e   a s  a Radio 
Frequency  Focussing  Element", IRE Transactions,  A.P.G. 
P 319, my 1961 



TABLE 16 
GAIN VERSUS NUMEl3R OF ZONES FOR A ZONE PLATE ANTENNA 

Number of' 
Zones 

1 
2 
3 

Theoretical 
Gain 
(db) 

11.8 
6.0 

15.2 

Experimental 
Gain- 
(db) 

4.5 
9.0 
11.5 

The t o t a l  gain obtainable from a zone plate   can be very 
high, since i t  w i l l  be approximately  proportional to  the 
diameter of the p la te .  The ga in  will be less than  that of a 
paraboloid  antenna, but it may be considerably simpler to  
form a f l a t  zone p l a t e  dust structure  than i t  i s  to form a 
dust  parabola structure. 

NASA-Langley, 1968 - 32 CR-1136 
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